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THE HIGH-PRESSURE MERCURY-VAPOUR LAMP 


IN PUBLIC LIGHTING 


By G. H. WILSON, B.Sc.(Eng.), Associate Member, E. L. DAMANT, Commander R.N.(Retd,), 

Associate Member, and J. M, WALDRAM, B.Sc.(Eng.). 


(Communication from the Staff of the Research Laboratories of the General Electric Co,, Ltd., Wembley.) 

{Paper first received 22nd November, 1935, in amended form AdJi February, and in final jorm IZth July, 1936; read before 
The Institution ^th March, before the North-Eastern Centre March, before the North-Western Centre 24:th 
March, and before the Irish Centre 16th April, 1936.) 


SUMMARY 

This paper records the experience which has now been 
gained over three years in the use of high-pressure mercury- 
vapour lamps in public lighting. 

The engineering and photometric characteristics of the lamps 
and the design of the auxiliary apparatus are discussed. The 
overall characteristics of the lamp and its auxiliaries are 
given, together with certain peculiarities of street-lighting 
circuits which afiect its performance. The effect of the 
illuminating engineering aspects upon the realization of the 
ef&ciency of the lamp is discussed, and the developments of 
the theory of street lighting which its use has brought about 
are indicated. Novel designs of lanterns, which are rendered 
necessary by the peculiar shape of the source, are described; 
and special optical, thermal, and constructional problems 
which arise from the use of the lamps, and also other points 
which have occurred in practical experience, are recorded. 
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INTRODUCTION 

The fundamental problems in highway lighting concern 
not electrical but illuminating engineering. Neverthe¬ 
less, they bear heavily on the electrical part of any 
installation and are therefore as important as purely 
electrical matters to the electrical engineer. 

The high-pressure mercury-vapour lamp has not only 
provided a light source of three times the ef&ciency pre¬ 
viously available with incandescent lamps, but its use 
has brought about unexpected developments in the know¬ 
ledge of the mechanism of street lighting and a radical 
change in the basis on which installations are designed. 

The lighting of streets has long been treated as a special 
case of interior lighting. Lamps have been suspended 
over the street in lanterns designed as though a street 
were an elongated living-room. But at the long spacings 
dictated by economics, and with the peculiar problems of 
vision concerned, the whole mechanism by which the 
installation works is quite different. Recent studies 
have shown that the success which has been achieved 
hitherto has not always been by design, and the empiri¬ 
cism bom of experience is now beginning to be under¬ 
stood and explained. A lamp and its use are equally 
important; for, unless its light is intelligently controlled, 
the advantage of its efficiency can be lost. 

[ ^41 ] 16 
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There have always been popular opinions about light¬ 
ing matters. To the extent to which it is an art, every 
individual has his own ideas as to the treatment of a 
lighting problem. But in public lighting, if not in the 
more decorative branches of the work, there are funda¬ 
mental truths connected with visibility into which ques¬ 
tions of individual taste and preference do not enter, and 
every effort should be made to avoid confusion between 
the science and the art. Beyond a certain point the 
problem is only aesthetic, and here popular opinion can 
take its place. Providing the fundamental requirements 
of a lighting installation are fulfilled, the aesthetic side 
can be treated as liberally as financial considerations will 
permit. These considerations and the difficulty of 
obtaining unanimity of opinion on artistic points are the 
only limitations to this side of the problem. 

The new discharge lamps as applied to public lighting 
are technical achievements. Their physics has been 
fully dealt with previously* and mention has been made 
before the Institution of the developments taking place.'f 
The practical experience gained in the last four years 
now makes it possible to review the engineering aspects. 

Two types of discharge lamp have been used for public 
lighting. In one the discharge takes place in sodium 
vapour, and in the other in mercury vapour at high 
pressure. Although the former was the first type to be 
used, the installations were abroad. In this country the 
high-pressure mercury-vapour lamp was first employed 
and has had the wider application. Over 10 000 lamps 
are now in use in Great Britain for public lighting alone, 
and a large number are now being used in addition for 
industrial lighting. It is the important part which the 
mercury lamp has played in public lighting and the 
results of investigatory work on this subject, stimulated 
by the development of the lamp, which this paper seeks 
to describe. 

(1) THE LAMP AND ITS AUXILIARIES 

(a) The Lamp 

The high-pressure mercury-vapour lampj consists 
essentially of a tubular glass vessel containing rare gases at 
low pressure and a small quantity of mercury. At either 
end of the tube is sealed an electrode. On the application 
of a sufficiently large difference of potential between the 
electrodes, a discharge is made to pass. This discharge 
raises the temperature of the electrodes and the bulb. 
This, in turn, increases the vapour pressure of the 
mercury and, if the pressure is sufficient, the discharge 
takes the form of a narrow, intensely bright column 
between the two electrodes. 

It was due to J. W. Ryde and his colleagues that this 
sequence of events was produced in a practical form of 
lamp capable of operating at high efficiency for a long 
life on the ordinary supply mains. The first successful 
lamps were used experimentally for public lighting in 
June, 1932; and in March, 1933, the first full-scale 
installation, erected in Wembley with the co-operation of 
Captain J. M. Donaldson, the North Metropolitan Electric 
Supply Co., and the Wembley Urban District Council, 
was put into operation. Since that time improvements 

♦ J. W. Ryde: G.E.C. Journal, 1933, vol. 4, p. 199; also J. W. Ryde; 
Journal of the Royal Society of Arts, 1934, vol. 82, p. 623. 

t C. C. Paterson: “ Inaugural Address,” Journal I.E.E., 1931, vol. 69, p. 1. 
t Referred to tlaroughout the paper as the h.p.m.v. lamp. 


in details of construction and performance have con¬ 
tinually been taldng place, but the lamps have not 
changed in their essentials. 

Fig. 1 shows details of a standard construction. At 
each end of an inner tubular bulb is sealed an electrode 
consisting of a stick of rare-earth oxides, held in a 



Fig. l.-Typical construction and dimensions of h.p.m.v. 

lamps.* 



250-watt 

400-watt 

A 

290 ± 10 mm 

325 ± 15 mm 

B 

60 mm 

50 mm 

C 

177 ± 13 mm 

190 ± 8 mm 

D 

1 

120 ± 6 mmf 

160 ± 5 mmt 


tungsten spiral. These oxides are activated during the 
construction of the lamp by heating the tungsten wire. 
The bulb contains rare gases, such as argon, at low pres¬ 
sure, and a carefully measured quantity of mercury. In 
order to ensure that all the mercury is easily vaporized 
and to obtain an adequate and reasonably constant 
mercury-vapour pressure, local cooling of the bulb has 
to be avoided, and it is therefore sealed into a second 
tubular bulb. This outer bulb contains oxygen at a low 
pressure, as this has been found to reduce, in some in- 

* For data on 150-watt lamp see page 275. 

t Dimension of one manufacturer’s lamps. 
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direct way, the formation of an absorbing film on the 
inside of the inner bulb. It is usual also to apply some 
metallic coating to the ends of the inner bulb in order 
to prevent low temperatures at these parts. The two 
electrodes are connected to the screw cap at the end of the 
outer bulb. 

An auxiliary electrode is provided to facilitate start¬ 
ing. This is usually a wire sealed into the inner bulb 
near one main electrode. The auxiliary electrode is con¬ 
nected, through a high resistance placed in the foot-tube 
or upper part of the lamp, to the opposite pole of the cap 
to that to which the nearby main electrode is connected. 

When connected to the supply, the full voltage imme¬ 
diately occurs between the auxiliary and main electrodes. 
This causes a discharge between these electrodes which 
initiates the discharge between the two main electrodes, 
filling the whole tube with light. The electrodes are 
heated by the bombardment, and as they and the bulb 
warm up, the mercury is vaporized. As the temperature 
and vapour pressure rise, the luminous column becomes 
narrower and brighter. 

As the elective resistance of any discharge lamp falls 
as the current through the lamp increases, it is necessary 
to employ some form of current control to prevent the 
lamp current from rising to catastrophic values. A choke 
is normally used for this purpose on account of the small 
loss of energy which occurs, and the standardized lamps 
are constructed for burning on a.c. supplies. Other possi¬ 
bilities for current limitation are discussed on page 247. 

The two standardized sizes of lamp which have been 
developed up to the present have ratings of 400 and 
250 watts.* These are the nominal wattages of the lamps 
themselves. For reasons which will be apparent later, 
the lamps are constructed for various voltage-ranges. 

The dimensions of these lamps have been standardized, 
and details are given in Fig. 1. In both cases the 
goliath Edison-screw cap is used. 

Photometric and Optical Characteristics. 

It is the high luminous efficiency of the new lamps 
rather than any other one characteristic which has 
resulted in their wide application. When first intro¬ 
duced, the initial efficiency of the 400-watt lamp was 
40 lumens per watt.f As more knowledge of the factors 
controlling efficiency was gained and manufacturing 
technique improved, the efficiency was raised. The rate 
of progress has been rapid, and in the autumn of 1935 
the efficiency had risen to 45 lumens per watt. This 
corresponds to a total light output of 18 000 lumens 
for the 400-watt lamp. The corresponding figures for the 
250-watt lamp are 36 lumens per watt and 9 000 lumens 
respectively.* 

A successful lamp must have a reasonable life. This, 
on the average, is now not less than 1 600 hours, and 
many public* lighting contracts are based on this figure. 
During life, blackening gradually occurs at the ends of 
the inner bulb and the efficiency falls. Conservative 
figures for the average efficiency throughout life are 
80 per cent of the initial value for the 400-watt lamp and 
85 per cent for the 250-watt lamp.* 

* On the 1st April, 1936, the 150-watt lamp was introduced. For data on 
this lamp see page 275. 

t The figures of efficiency quoted are based on the wattage in the lamp. 
Losses in the auxiliaries will give a figure for the overall efficiency of the com¬ 
plete unit, about 2 lumens per watt lower than for the lamp alone. 


The other characteristics of particular importance to 
the illuminating engineer are the size and brightness pf 
the source. The dimensions are controlled in the main 
by the luminous efficiency, the maintenance of light 
output during life, and the stability of the discharge. 
Variations in the spacing of the electrodes, for example, 
will improve some of these factors at the expense of the 
others, and the final design is a matter of compromise. 

The light source in these lamps is the narrow, bright 
column between the electrodes. The average brightness 
of this column, which is closely the same for both ratings 
of lamp, is approximately 1 candle per mm^.* As 
would be expected, the column is brighter at the middle 
than at the edges, the values across the arc stream mid- 
way between the electrodes of the 400-watt lamp var 3 ring 
as shown in Fig. 2. Towards the electrodes the column 
becomes narrower than at the middle, and the brightness 
distribution is also somewhat altered. 

The lengths of the light columns are 160 mm and 
120 mm for the 400-watt and 250-watt lamps respectively. 
An accurate description of the width of the column can- 



Distance from centre-line of arc in cm 

Fig. 2 .—Distribution of brightness across arc stream of 

400-watt lamp. 

not be given, as its boundary is not clearly defined. The 
application of a common definition employed for allied 
problems in illuminating engineering suggests that the 
edge of the column could be considered to be the place 
at which the brightness is one-tenth of the maximum. 
By this definition, as will be seen from Fig. 2, the width 
of the column in the 400-watt lamp is approximately 
12 mm and the corresponding width in the 250-watt 
lamp is 9 mm. It is interesting to note that when the 
lamps are viewed casually at close quarters, the effectively 
bright part of the discharge appears to be considerably 
narrower than the above figures suggest. 

It will be seen that in length and width of light colunan 
the 250-watt lamp has dimensions three-quarters of those 
of the 400-watt lamp. As the brightness is substantially 
the same for the two, the intensity in any direction and 
the light output will be a function of the projected area 
of light source, and the intensity of the smaller lamp will 
be (0*75)^ or approximately half that of the larger. 

The light distribution from the lamps, shown in 
Fig. 3 as a polar curve in a plane containing the lamp 
axis, has a form which would be expected from the shape 

* Compare with brightness of:— 

Tungsten filament of 600-watt lamp = 5 candles per mm^. 

Pure carbon arc = 150 candles per mm2. 
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of tlie source. The mercur37- discharge radiates as though 
it were an incandescent solid, and the luminous intensity 
is therefore proportional to the projected area in any 
direction. If the lamp is considered to be in its usual 
position with the axis vertical (actually the only position 
in which it can burn without risk of failure unless a mag¬ 
netic deflector is used), the curve shown refers to a vertical 
plane. It will be seen that the intensity is a maximum 
in a horizontal direction and falls off as the angle from the 
horizontal increases, having a low value in the direction of 
the downward vertical (if the lamp is considered to be 
burning cap-up) and zero in the opposite upward direction. 
As drawn, the curve relates to a 400-watt lamp giving 
18 000 lumens. To convert the values to those applying 
to the 250-watt lamp, the ordinates should be halved.* 
Twice in every cycle the arc intensity falls to a low 


may appear white, blue, blue-green, or green, depending 
on the previous history of the observer's eyes, his distance 
from the lamp, the proximity of other light sources, and 
the colour of the surroundings. It is a common experi¬ 
ence that after a few minutes’ acquaintance with an 
installation the colour appears white, but blue-green is 
probably the best general description which can be given 
for comparison with other sources. The colour rendering 
of blues, greens, and yellows, under the light from the 
lamps is good, but red colours look brownish on account 
of the small red component in the radiation. 

Early in the application of the lamps, some potential 
users were apprehensive of the colour effects produced, 
especially in shopping and residential areas. Colour 
modification was achieved by the use of auxiliary 
tungsten-filament lamps,* by the introduction of cad- 



Fig. 3.—Polar curve showing light distribution in a vertical plane from 400-watt h.p.m.v. lamp: 

light output = 18 000 lumens. 


value on account of the reduction in voltage. The period 
of low intensity is short, however, and on a 50-cycle 
supply at street-lighting levels of illumination no flicker 
is perceptible. Even on a 25-cycle supply no flicker can 
be seen under street-lighting conditions, although it is 
perceptible at higher brightness levels. 

The greater part of the light emitted by the lamp con¬ 
sists of line spectrum radiation. Although, as will be 
seen from Fig. 4, the main lines occur in similar positions 
throughout the spectrum to those from the low-pressure 
mercury-pool lamp, their relative intensities are different. 
In the low-pressure lamps the green line at about 546 m^^x, 
is considerably stronger than the yellow-green lines at 
about 577-9 mjLc. The higher mercury-vapour pressure 
in the modern lamp causes the yellow-green lines at 
about 577-9 mfi to be the stronger, and it also introduces 
some continuous radiation. 

The colour of the light from the high-pressure lamp 

* For data on 150-watt lamp see page 275. 


mium and zinc into the mercury lamp as described below, 
and recently by the incorporation of a filament in the 
mercury lamp itself as described on page 247. All these 
methods involve a reduction in the overall efificiency 
of the unit, and experience has shown that in practice the 
colour has proved no drawback. The wide application 
of the unmodified lamps to all classes of thoroughfare 
bears witness to this fact. 

Further, the experimental data available show that in 
public lighting the colour quality of the light from these 
lamps does not appreciably affect the ability to see.f 
This work has confi.rmed the impression of many ob¬ 
servers who have compared installations of incandescent, 
mercury-vapour, and sodium-vapour lamps. 

The introduction of cadmium and zinc into the lamp 
adds a small amount of i"ed and a good deal more blue 
to the light emitted.I Such lamps are available com- 

* G. H. Wilson: Association of Public Lighting Engineers, Margate, 1933. 

t K. M. Reid and PI. J. Chanon: General Electric Review, 1935, vol. 88, p. 680. 

j J. W. Hyde: Journal of the Royal Society of Arts 1933, vol. 82, p. 624. 
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mercially in the 400-watt size, with an initial efficiency of 
37 lumens per watt. 

On account of the colour of the light emitted, the 
question of fog penetration has frequently been raised. 
An experiment was conducted in a dense fog to compare 
the transmission of the light from an h.p.m.v. lamp 
with that from an incandescent-filament lamp having the 
same luminous intensity. The distances at which both 
light sources disappeared in the fog were practically 
identical. Such a result in dense fog would have been 
anticipated from the known, light-scattering character¬ 
istics of fog particles. Various workers have found that 
in a dense fog the transmission of all wavelengths for 
visible light is approximately the same,"'' and that it is 
only in light mists that the blue end of the spectrum is 
transmitted less than the red. It is on this account that 


wattage of the lamp. At a wattage of 400 or 500 there 
was a prospect of an efficiency of about 2| times that of 
the equivalent tungsten-filament lamp. With this gain 
in efficiency, a lamp was available, at a consumption of 
only 400 watts, having a light output about equal to 
that of a 1 000-watt filament lamp and therefore capable 
of producing first-class public lighting, as judged by 
modem standards, when used at common spacings of 
100-200 ft. This rating of lamp was therefore fii*st 
chosen, and the 250-watt rating has followed as a second 
type.*^ Consideration is now being given to other lamp 
ratings, but in the important applications of public 
lighting the sizes of lamp which are for some considerable 
time bound to play the most important part are those 
giving a light output within the above two ratings. 

The electrical characteristics of the lamps have already 
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4:_-Uianrammatic representation of spectral energy and visual intensity distribution for low-pressure and 

high-pressure mercury-vapour lamps of approximately equal wattage. 


in a light haze distant filament-lamp sources appear 
yellower or redder and the mercury-vapour^ lamps 
greener than they do at close range. In public lighting, 
the problem of fog penetration does not occur in a light 
haze, however, and for practical purposes there is there¬ 
fore nothing to choose between light sources of d‘tferent 
colours. 

The arc discharge emits a considerable quantity of 
short-wave ultra-violet radiation, hut this is absorbed by 
the glass envelopes of the lamp. The shortest wave¬ 
length emitted is about 312 mpt, which is well outside the 
biologically harmful range. 

Physical Characteristics. 

The choice.of rating which caused the 400-watt lamp 
to be selected as the first type for production was a 
matter of considerable importance. It was known that, 
within limits, the efficiency increased regularly with the 

M. G. Bennktt: Iliuminating Engineer (London), 1933, vol. 26, p. 75; also 
"V/. S. Stiles: ibid., 1935, vol. 28, p. 125 


been given by Ryde,t and it is only factors which affect 
the design of the auxiliaries and the application of the 
lamps which need be dealt with here. 

The forms of the steady characteristics connecting the 
voltage F{ across the lamp with its wattage are shown 
in Fig. 5. For a given external temperature, as the 
lamp wattage is increased so the mercury vapour pres¬ 
sure rises and the lamp voltage increases, as shown by 
the curve AB. At the wattage corresponding to the 
point B, all the mercury is vaporized and, for further 
increases in ITj, falls slightly. It will be appreciated 
from this curve that the effective resistance of the lamp 
decreases with increasing wattage and that the current 
would therefore increase, with catastrophic effect, unless 
some current-limiting device were employed. If more 
mercury were present, the curve AB would continue to 
extend as shown by the broken line. For other external 


The 150-watt lamp was introduced on the 1st April, 1936- 

thls lamp see page 275. _ 

t J* W. Eyde: G.E.C. Journal, 1933, vol. 4, p. 199, 


For data of 
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temperatures, typical characteristics are shown in the 
curves CDG and EFG. 

In practice the lamp is so designed that when operating 
normally all the mercury is vaporized. The reason for 
this will be clear from Fig. 5. When some unvaporized 
mercury is present in the lamp, the lamp voltage for a 
given wattage, such as that indicated by the line OH, will 
change with every variation in the external temperature. 
If this ambient temperature rose for any reason, F( would 
rise and might eventually reach such a value that the 
supply voltage would be unable to maintain the discharge. 

In order to operate a lamp with mercury present and 
with a reasonable factor of safety under these conditions, 
it would be necessary to arrange for the value of Ff 
normally to be low and the current for a given wattage 


mains voltage is reduced suddenly, Ryde has explained 
that the instantaneous characteristic of the lamp and 
current-limiting device is involved, and the lamp voltage 
will rise. When the reduction in mains voltage is such 
that the potential available is below the lamp voltage, 
the lamp will go out. The maximum permissible 
voltage-drop for the lamp not to be extinguished is 
affected by the design of the current-limiting device. In 
practice the drop permissible is usually of the order of 
20 to 40 volts, but the question is more fully discussed 
under the heading '' The Choke.’' 

The wave-form of the current through these lamps 
does not follow strictly the form of the applied voltage. 
Although the latter may be sinusoidal, the current wave 
will be slightly distorted and, whilst the current cannot 



Fig, 5.—Relation between lamp watts and lamp volts, showing effect of external temperature. 


would therefore be high. High current is clearly unde¬ 
sirable and Ff is therefore usually maintained at the 
highest satisfactory value. By arranging to operate the 
lamp with all the mercury vaporized, the lamp voltage 
becomes independent of changes in temperature over 
wide limits, and the difficulty of determining the normal 
value of Vt at which the lamp will operate in practice is 
simplified. 

A peculiarity, which has to be considered in the design 
of the lamps and their auxiliaries, is the extinction of the 
discharge on a sudden drop in mains voltage below a 
certain value. If the mains voltage is reduced slowly, 
the lamp voltage remains practically constant until the 
point B on the curve in Fig. 5 is reached. After this, a 
further reduction in the mains voltage causes some 
mercury vapour to condense and the lamp voltage falls, 
as shown by the part of the curve AB. If, however, the 


be said either to lag behind or to lead the voltage, the 
distortion causes the lamp to have an inherent power 
factor of about 0*92. This is independent of the effect 
of any choke coil which may be used as a stabilizer. The 
question of overall power factor is dealt with on pages 2 61 
and 252. 

It will be shown later that when the high-pressure 
lamps with their relatively long light sources are burned 
vertically, it is comparatively easy to obtain a light dis¬ 
tribution well suited to street-lighting requirements. 
There are, however, some advantages to be gained from 
burning the lamp horizontally, as described on page 258. 
As the discharge in the high-pressure lamp takes the form 
of an arc, there are limitations to the positions in which 
the lamp can be operated in safety without auxiliary 
apparatus. When the electrodes are one above the 
other, the arc stream is vertical, but if the axis of the 
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lamp is inclined, the arc tends to bow upwards on account 
of the rising convection currents in the hot mercury 
vapour. If the lamp is tilted too far, the upward bow 
of the arc will soften the inner glass tube and a bulge 
will result from the difference in pressure between the 
inner and outer bulbs. In practice a tilt is the maxi¬ 
mum which should be permitted. 

The temperature attained by various parts of the lamp, 
and the heating effects on the unit surrounding it, are 
matters of importance. The 400-watt h.p.m.v. lamp 
radiates approximately 20 per cent of the total energy 
input as visible light, and a further 10 per cent as ultra¬ 
violet and near infra-red. This radiation, together with 
the visible, will pass through the glass bulbs and the 
glassware of any fittings, with practically no absorption 
and, consequently, no heating. The remaining energy is 
longer-wavelength infra-red radiation from the inner bulb 
of the lamp, which has a maximum temperature, in the 
case of the 400-watt lamp, of the order of 500-600° C. 
Much of this energy is absorbed by the outer bulb, which 
has the property, common to all glasses, of strongly 
absorbing long-wavelength radiation. As a result, the 
final radiator of heat becomes the outer glass, which runs 
at a maximum temperature of about 350° C. in air. 
Any glassware used round the lamp will absorb a high 
proportion of the long-wavelength radiation from the 
outer bulb, and will actually attain a higher temperature 
than if the source were a filament lamp of the same 
wattage as the discharge lamp. The reason is that, 
although the percentage of total energy radiated as heat 
with the two lamps is not very different, that from the 
incandescent lamp is emitted mainly by the filament, 
which in a 500-watt lamp operates at about 2 850° C., 
whilst that from the discharge lamp comes from the bulb 
operating at a temperature of about 350° C. The longer- 
wavelength heat radiation from the bulb is much more 
absorbed by any surrounding glassware than the shorter- 
wavelength radiation from the filament. This is a point 
which needs attention in the design and construction of 
any fittings for the lamps. 

One other factor is affected by the lamp operating 
temperature—the time to restrike in the event of ^ an 
interruption in the supply. Before a lamp will restrike, 
sufficient mercury vapour must be condensed for the 
vapour pressure to fall to the required value. The 
hotter the surroundings of the lamp, the longer the 
cooling period. A well-glass fitting, in which the glass 
takes the form of a closed cylinder 6 in. in diameter and 
13|in. long with a hemispherical bottom 2^ in. below 
the bottom of the lamp, results, on the average, in a 
restriking time of 5 nainutes, as compared with 3 minutes 
for the lamp in still air. In these tests a 400-watt lamp 
was used and the ambient air temperature was 15° C. 

(b) The Choke 

Under practical conditions the most usual application 
of discharge lamps is on an a.c. distribution system of 
nominally constant potential, in which case it is neces¬ 
sary to use some form of impedance in series with each 
discharge lamp. The impedance may be an ohmic re¬ 
sistance or, on a.c. supplies, a choke coil. 

It will be shown later that the voltage-drop across the 


impedance should preferably be of the same order as that 
across the discharge lamp. The wattage loss in a re¬ 
sistance will therefore be approximately the same as the 
lamp wattage, and the overall efficiency of the unit as a 
source of light will be reduced to about half value if a 
resistance is employed. If, as is possible, the resistance 
takes the form of an independent glowing filament, the 
overall efficiency will again be lowered, but only to about 
60 per cent instead of to 50 per cent of that of the dis¬ 
charge lamp. 

In a lamp recently developed, the auxiliary filament 
has been incorporated below the discharge tube, in the 
same outer bulb. An automatic switch, operated by the 
heat from the discharge tube, short-circuits half the fila¬ 
ment when the lamp is partially run up, so that the 
current is limited to appropriate values both for starting 
and for running. The use of the filament as the current- 
limiting device avoids the use of a choke and condenser, 
and at the same time produces some colour modification 
by the admixture of white light. The lamp is made in 
the 500-watt rating and has an overall initial efficiency of 
25 lumens per watt. 

It has been found in practice that, on the usual a.c. 
supply systems which are being standardized in this 
country, a choke coil forms the most economic and satis¬ 
factory impedance for use with h.p.m.v. lamps. Its 
design can be arranged to give desirable starting and 
running conditions ^jd the wattage loss can be kept low. 

In the consideration of the combined characteristics 
of lamp and impedance, it is therefore necessary to 
have in view the characteristics of the modern h.p.m.v. 
lamp using a properly designed series choke coil as a 
stabilizer. 

Combined Characteristics of a Lamp-choke Unit. 

A discharge tube alone has, for the engineer, no inde¬ 
pendent existence, and consideration must always be 
given to the complete lamp-choke unit. 

For example, the permissible over-voltage of the unit 
may be limited by the temperature-rise in the series 
impedance as much as by the effect produced in the dis¬ 
charge tube itself. Even the latter effect will be de¬ 
pendent upon the voltage/current characteristic of the 
impedance. 

The consideration of the combined characteristics is 
complicated by the fact that the current in the lamp, and 
therefore in the choke, is not sinusoidal. As a result the 
ordinary vector calculations do not apply, and the 
current, voltage, and wattage in the various parts of the 
circuit, cannot be accurately related by the usual methods 
of calculation. Crude approximations can be obtained 
by assuming voltages and currents of sine form, or even 
by considering the case of an ohmic resistance as the 
series impedance, but more detailed calculations are 
required to obtain adequate accuracy. 

Current/Voltage Characteristics of the Choke. 

The first step in the design of the lamp-choke unit 
must be to arrange for the choke to have a current/ 
voltage characteristic satisfactory both for starting and 
for running conditions. The characteristic of the 
h.p.m.v. lamp at starting is different from that under 
steady running conditions. The voltage across the 
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lamp is much lower when starting, and the choke charac¬ 
teristic must suit both sets of conditions. 

If the current in, and the voltage across, the choke axe 
related somewhat as shown in Fig. 6, the choke will be 
operating at some point such as S under starting condi¬ 
tions, and at another point such as R when the lamp has 
settled do’ivn to steady burning. 

The objective in the design of the choke wuli be to fix 
the points R and S, and, further, to regulate as far as 
possible the slope of the curve at R and S so as to give 
the best operating characteristics under starting and 
running conditions. 


Current and Voltage under Steady Running Conditions. 

Under steady running conditions, the voltage across 
the lamp for di:fferent values of lamp wattage is of the 



Fig. 6.—Current/voltage characteristic of choke. 


form showni by the solid line ABCD in Fig. 7. The 
running condition must be at some point such as C, for 
the reasons given on page 246. 

The quantity of mercury in the lamp will fix the value 
of lamp voltage Fg at which the lamp operates, lamps 
with more or less mercury having steady voltage charac¬ 
teristics such as AEF and AGH respectively. It is 
possible, with a given mains supply voltage, F^, to 
choose alternative values of Fj and of corresponding 
impedance to give the designed lamp wattage. The 
designed value of for a given F^ will be chosen 
according to its effect upon the combined operating 
characteristics of the lamp and choke. The charac¬ 
teristics affected include the following:^_ 


(1) The variation of lamp wattage caused by small 
manufacturing variations of F^ on either side of the 
designed value of 

(2) The variation of lamp wattage caused by variations 
of mains voltage on either side of the nominal voltage 
of supply for which the lamp is designed and the choke 
adjusted. 

(3) The maximum permissible sudden drop in mains 
voltage F^, which will not cause the lamp to be 
extinguished. 

(4) The power factor of the lamp-choke unit. 

The effect of the designed ratio VijV^ upon these four 
relationships is shov/n in Table I, with the values usually 
obtained when a well-designed choke is used in series 
with the present h.p.m.v. lamp. 

The summary indicates that a good compromise and 
satisfactory operation of the lamp-choke unit will be 
obtained if a ratio of Ff/F^^ is chosen in the neighbour¬ 
hood of 0*6. This is, in fact, the value usually adopted 
with the present h.p.m.v. lamps._ From the foregoing it 
IS clear that for ideal results a different lamp and choke 
would be required for each value of mains voltage F^, 
those for the higher supply voltages having a high lamp 
voltage and low current, and vice versa. In this country, 
the general practice is to cover the usual supply voltages 
by four different lamp ratings:— 

One lamp for 200- and 210-volt supplies with a lamp 
voltage of about 125 volts. 

One lamp for 220-volt supplies with a lamp voltage of 
about 130 volts. 

One lamp for 230-volt supplies with a lamp voltage of 
about 145 volts. 

One lamp for 240- and 250-volt supplies with a lamp 
voltage of about 155 volts. 

For a given lamp, the value of F^ will determine, for 
a certain supply voltage, the values of choke voltage 
under running conditions, and the rated lamp wattage 
will determine the lamp current and therefore the choke 
current under running conditions. The point R on the 
curve in Fig. 6 is thus fixed. 

Current and Voltage under Starting Conditions, 

The next consideration must be the starting period, at 
the beginning of which the lamp voltage is only about 
20 volts and therefore the voltage across the choke 
practically equal to the supply voltage. The time 
taken by the h.p.m.v. lamp to reach full brilliance 
depends upon the lamp wattage during the running-up 
period. The value of current on the choke characteristic 
when Vq is practically equal to Fj^ will consequently 
determine the starting current and wattage, and there¬ 
fore the time taken by the lamp to reach full brilliance. 
The quickest starting is desirable within limits which 
will be set by the carrying capacity of the supply wiring. 
This wiring will normally be rated to carry the running 
current, and a practical compromise is an initial starting 
cuirent approximately double the running current. 
This gives reliable starting and an interval of about 
4 nunutes for the lamp to reach 80 per cent of its full 
light output. Few wiring systems are rated so closely 
that they will not stand an overload of 100 per cent 
falling to 50 per cent within 3 or 4 minutes and to normal 
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value in a further,similar interval. These considerations 
will fix the point S on the curve in Fig. 6. 

Slope of Characteristic Curve. 

Alternative characteristics can be designed to pass 
through the points R and S in Fig. 6. 


an undue starting period or too severe an overload on 
the supply cables. 

Construction. 

The desirable choke characteristic described is obtained 
with a choke having a small air-gap in the magnetic 


Table 1 


Designed 

ratio 

Vt/Vm 

Percentage change 
of Wi for a 

1 % change of Fjj 

Percentage change 
oi W 1 for a 

1 % change of 

• 

Permissible sudden drop in 
for lamp not to be extinguished 

Power factor of lamp- 
choke unit 

Designed 

ratio 

vtm„ 

ooooooooo 

Very small 

1 (1 % or less) 

^ Satisfactory 

} (1 or 2 %) 

1 Large 

J (3 to 10 %) 

“N 

1 Small 

(less than 2 %) 

\ Satisfactory 

J (about 2 %) 

1 Large 

I (3 to 15 %) 

> 

I Large 

(Over 20 % of V^) 

< 

Satisfactory 

(about 10 to 20 % of F^) 

< 

Small 

J (less than 10 % of F^) 

Low 

J 1 

\ Satisfactory / 

J (0-5 to 0-6) \ 

1 High [ 

(0*7orover) 

ooooooooo 


The minimum^'effect of lamp wattage due to small 
variations in will be given by a choke with a 
moderately steep characteristic at the running point. 
The minimum effect due to variations in mains voltage 


circuit. The latter may be of either shell or core con¬ 
struction. 

The choke as considered up to this point is suitable 
only for one particular lamp and supply voltage, and one 
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Fig. 7.—Relation between lamp watts and lamp volts, showing effect of the amount of mercury. 


Vm will be given by a choke with the steepest possible frequency. In practice it is desirable to provide chokes 
slope at both the running and the starting points of the to cover the different 50-cycle supplies operating at 
characteristic. With a choke running near saturation at voltages between 200 and 260, and making allowance for 
the starting current, variations in may cause either conditions on different parts of a street-Hghting network 
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where the voltages may differ by an appreciable percentage 
from the declared value. In these circumstances it is 
advantageous to provide chokes which can be adjusted 
with ease and certainty by the user to suit the actual 
average voltage available at the post during burning 
hours. Available adjustments to cover d: 6 per cent on 
the declared voltage will normally be sufhcient. 

Adjustment with ease and certainty to the nearest 
5 volts is found to meet all requirements outside those 
of a photometric laboratory. This can be arranged by 
specified changes of either the air-gap or the number of 
turns. The latter method, for which there is a sound 
precedent in standard transformer practice, is more 
generally adopted. Although it is slightly more expen¬ 
sive in construction it has the advantages of leaving the 
choke construction rigid and of providing a series of 
settings of higher repetitional accuracy than can con¬ 
sistently be obtained by air-gap adjustments, because 
each setting, being checked by the maker, is not 
subject to errors in adjustment on site. 

Changes in the weight of iron, the number of turns, and 
the air-gap, would be necessary in order to preserve the 
ideal choke characteristic for each voltage, but in practice 
a compromise is accepted, and in the case of the tapped 
choke two or three t 3 q)es are usually designed to cover 
the range required. 

The general size and shape of the choke will be a 
matter of compromise between choke efficiency and cost. 
It will also be affected by the space available for mount¬ 
ing such auxiliaries. In street-lighting work it is usual 
to house the choke and other apparatus in the base of 
"the lamp column, and excessive choke dimensions may 
necessitate a larger and therefore more expensive pole. 

Adjustment and Tolerances. 

In chokes of equal dimensions, with the same weight of 
iron and the same number of turns, there is a spread in 
inductance owing to inevitable variations in the quality 
of the iron and the usual manufacturing tolerances. 

In the case of tapped chokes, the necessary final 
adjustment during manufacture may consist of an 
accurate setting of the air-gap, which must be rigidly fixed 
to prevent any subsequent alteration. Adjustment of 
the choke voltage by this method is desirable and 
possible to within ± 1 per cent. 

As the performance of a discharge lamp is controlled 
not only by its own characteristics, but also by those of 
the choke, the spread in the performance of lamp-choke 
units of nominally the same wattage and light output is 
governed by the manufacturing tolerances of both the 
lamp and the choke. It is, therefore, evident that both 
the design and the manufacture of chokes for discharge 
lamps need to be carried out in the closest collaboration 
with the design and the manufacture of the discharge 
lamps with which they are to be used. Routine tests on 
chokes, similar to those employed in the manufacture of 
lamps, are necessary in order to maintain the desirable 
mininmm spread in performance. 

Efficiency. 

In a well-designed choke the losses will only total about 
5 per cent of the lamp wattage. For a given design and 
temperature-rise this percentage will tend to be larger in 
chokes for lamps of lower wattage, owing to the greater 


number of turns on the choke and the consequent extra 
copper loss. Clearly, the wattage loss can be reduced by 
a more lavish design, and the designer is faced with the 
problem of maldng an economical compromise. The 
choke loss can be considered as a part of the annual cost 
of the choke, in which case an optimum design will be 
that in which the sum of the annual cost of the losses and 
the annual capital charge and depreciation on the choke 
itself is a minimum. 

Under average street-lighting conditions and existing 
costs, a figure of 5 per cent for choke loss relative to lamp 
wattage gives results at about this point of optimum 
economy. For equal annual cost the price and wattage 
loss of chokes of varying efficiency can be related. 



Fig. 8.—^Diagram for calculating the effective cost of the 

choke. 

Fig. 8 shows the total annual cost of chokes, which varies 
according to the capital charges and the cost of the 
wattage wasted. The diagram assumes 3 000 burning 
hours per annum, power at Id. per unit, and the annual 
capital charges as one-eighth of the first cost. A 
similar diagram can be constructed for other charges. 
The sloping lines represent chokes of equal total annual 
cost; for example, a choke costing 40 shillings and wasting 
20 watts and a choke costing 20 shillings and wasting 
30 watts will each cost 10 shillings per annum. 

General Design. 

Experience has shown that a choke, like other street¬ 
lighting gear, is often handled more roughly than most 
electrical apparatus of equal accuracy. It is therefore 
necessary to construct it to meet these conditions. The 
design requires to be robust and rigid, and the general 
arrangement should be such as to protect the windings 
and tappings from accidental damage. 
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Insulation. 

The insulation of the choke should be of the usual 
standard for 250-volt apparatus. Oscillograph records 
have failed to show any abnormal voltage-surges across 
the windings under operating conditions. 


formula above (20 /xF is commonly used with the 400- 
watt lamps) and giving a power factor of 0 • 8 with the 
lower-voltage lamps and about 0*9 with the highest- 
voltage units. 

Condensers to stand up to street-lighting conditions 



10 30 50 70 90 100 IlO 130 150 170 

Relative capacitance of condenser 
Fig, 9 ,—Effect of condenser capacitance on power factor of unit. 


The housing provided for chokes in street-lighting 
installations may be the base of the lamp column. This 
is by no means an ideal situation for electrical apparatus. 
Condensation, dirt, deposits of salt, and, in industrial 
areas, acid- or sulphur-laden atmospheres, tend to pro¬ 
duce corrosion and to break down the insulation. It is 
found in practice that air-cooled chokes which are 
vacuum-impregnated with a bituminous compound will 
withstand such conditions, providing that they are not 
subjected to water splash or drip which may leave 
standing water on the windings. The life of the choke 
will normally be limited by that of the insulation, and 
the windings and tappings should be insulated by equally 
durable methods. On account of the conditions of use, 
there are strong arguments in favour of tough-ruhber- 
sheathed fiexibles for connection to the choke, but 
terminals are also used on some designs. 

(c) The Condenser 

A condenser is generally used to improve the power 
factor of the lamp and choke. The size necessary to 
produce the maximum correction is given roughly by 
the expression 0 = 3 1852/F^, where C is the capacitance 
in microfarads, I the lamp current in amperes, and the 
mains voltage. 

The power factor of the complete lamp-choke- 
condenser unit will vary under running conditions ac¬ 
cording to the capacitance of the condenser in use, as 
shown in Fig. 9. The capacitance shown as 100 is that 
given by the approximate formula above. It will be 
noted that lamps designed for lower-voltage supplies 
will need larger condensers in order to give equal cor¬ 
rection of power factor—^the value of I being greater and 
that of less in the formula quoted. In practice it is 
usual to compromise and to provide one size of con¬ 
denser for a given wattage of lamp, accepting a slightly 
reduced power factor with the lower-voltage lamps. 

The British Electrical Development Association in 
1933 recommended a minimum power factor of 0*8 for 
discharge-tube signs. Correction to this value can be 
obtained with h.p.m.v. lamps by the use of a condenser 
having a capacitance about half that calculated by the 


should be totally enclosed and efficiently sealed against 
damp. The finish needs to be proof against corrosion by 
salt- or acid-laden atmospheres and humid conditions. 
They should be capable of standing up to tropical 
weather, and any wax filling should therefore have a high 
melting point. 

To guard against danger from shock, an internal leak 
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Fig. 10.— Connections of the complete discharge-lamp unit. 

of about i megohm is often fitted, which rapidly dis¬ 
charges the condenser when the supply is cut off. 

The wattage loss in the condenser is negligible, com¬ 
pared with the wattage of the complete unit. 

(d) Operation 

The connections of the complete discharge-lamp unit 
with choke and condenser are shown diagrammatically in 

Fig. 10. 
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The operating characteristics of the complete unit are 
different during the periods of striking, starting, and 
steady running. Immediately the switch is closed the 
full voltage of the supply is impressed on the main and 
auxiliary electrodes, initiating the discharge. There is 
at this instant no current flowing and consequently no 
voltage-drop in the choke: the voltage available for 
striking is thus the mains voltage and is; independent 
of the choke in use or of its setting. 

The initial emission from the electrodes will constitute 
a switching surge of similar magnitude to that experienced 


for a filament lamp of approximately the same light out¬ 
put as the h.p.ni.v. lamp vrill be satisfactory/ for the 
discharge-lamp unit. 

The changes in lamp voltage, current, wattage, power 
factor, and lumen output, during the starting period are 
shown in Fig. II. The values, although those for a 
particular 230-volt lamp, choke, and condenser, are 
typical. Lamps of different rating have different values 
of starting current, and these are shown in Table 2, 
together with the values of current and power factor 
under steady running conditions. 
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Fig. 11.—Starting characteristics of complete discharge-lamp unit. 
230-voIt 60-cyde supply. 

230-volt 400-watt lamp with choke and 20-jw.F condenser. 


with tungsten-filament lamps, though the causes are 
different. This surge dies away within a few cycles and 
can be kept down to a reasonable value by special care 
in the treatment of the electrodes during lamp manu¬ 
facture. 

Another initial surge of current which will occur is the 
charging current in the condenser. It will vary in amount 
according to the point of the supply-voltage cycle at 
which the switch is closed. It will last for half a cycle 
at the longest. Both these effects are far too momentary 
to show to scale on the diagram of starting current and 
voltage. 

It has been found in practice that switchgear suitable 


Variations in mains voltage will affect the current and 
wattage in the circuit, the permissible voltage-drop, the 
lumen output, the lamp efficiency, and the power factor. 
Curves showing the changes in these factors for an 
average lamp are given in Figs. 12 and 13. 

(e) The Supply System 
Accessory Apparatus and Wiring, 

The essential accessories which have to be mounted in 
connection with each lamp are the choke and condenser, 
and a switch and fuse. These are often placed in the 
base of the column, where they are concealed and easily 
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accessible if necessary; but tliere is little available space, 
and adequate protection against water-splash is re¬ 
quired. A typical arrangement inside a street-lighting 
column is shown in Fig. 14. An alternative position, 
which is in many ways preferable, is in a specially 
designed box which can be properly ventilated and 
designed with convenient clearances. Fig. 15 shows the 
a.rrangement of the choke, condenser, and fuses, in such 
a box. The two incoming leads would normally have to 
be supplied through a switch. It is sometimes suggested 
that the choke should be placed in the fitting, but, apart 
from the problems of high temperature, there is danger 


a fault to eaii:h or a break in continuity only extinguishes 
the lamp without damage. Some engineers have used 
in addition to the above gear a relay, with its control coil 
either in series with the lamp or in parallel with the choke, 
arranged to switch in a tungsten pilot-lamp in the event 
of the h.p.m.v. lamp being extinguished by a surge. 

Time switches, fog switches, and I’emote-control 
devices, follow standard practice. 

A caution is necessary with regard to the switching of 
h.p.m.v. lamps for test purposes on an installation. The 
lamps should always be allowed to reach full brilliance 
before switching off again. If lamps are repeatedly 


Table 2 


Rating of lamp in use 

Mains voltage 
(actual) at unit 

Installation without condensers 

Installation with condensers. 

250-W lamp, 15 ju.F; 400-W lamp, 20 julF 

Maximum 
starting current 
in amps, 
j (excluding 
switching 
surges) 

Average running conditions 

Maximum 
starting current 
in amps, 
(excluding 
switching 
surges) 

Average running conditions 

Current in 
amps. 

Power 

factor 

Current in 
amps. 

Power 

factor 

200/210-volt 250-watt 

200 

H 

2*3 

0*55 
. to 

0*6 

i 

2 | 

1*7 

0*8 

to 

0*85 

210 

3|- 

2*3 


1-6 

1 

220-volt 250-watt 

220 

ol 

O 4 

2-1 

H- 

1*4 

230-volt 250-watt 

230 

3i 

2*0 

0-55 

to 

0-6 

H 

1*3 

i 

About 

0*9 

240/250“volt 250-watt 

240 

Si- 

1 

1*9 

H: 

1*2 

250 

3 

1-9 

2 

1*2 

200 / 210 -volt 400-watt 

200 

si 

3-6 

0*55 

to 

0-6 

4i 

2*7 

About 

0*8 

210 

Si 

3*6 

4 

2-6 

220 -volt 400-watt 

220 

5 

3*4 


2 ‘ 4 

230-volt 400-watt 

230 

nil 

3*0 

0*55 

to 

0*6 

4 

2*2 

0*85 

to 

0*9 

240/250-volt 400-watt 

240 

5 

2-8 

3|- 

2-0 

250 

43 

2-8 


1-9 


of the choke field affecting the lamp, and there is seldom 
room for the condenser as well. To avoid interaction, 
the choke, if in an iron or steel box, should be placed 
at least 18 in. from the lamp. If two chokes are arranged 
in the same box, they should be so oriented that their 
stray fields do not interact; with some designs this can 
bp achieved by mounting their axes at right angles. 

The connection of the components is, of course, of 
great importance, and cases, of trouble from accidental 
wiring errors—-such as condensers being connected on the 
lamp side of the choke—are not unknown. Adequate 
space for wiring and for checking connections has been 
found to be well worth while. 

It is desirable that the choke (and the series magnetic 
deflector if used) should be wired in the phase side, since 


switched on and off without this precaution, the active 
coating of the electrodes, which is instrumental in initia¬ 
ting the discharge, may be removed and reliable starting 
of the lamp may be prejudiced. If the lamp is allowed 
to attain full brilliance, the arc discharge causes this 
coating to re-form. 

Supply Cables. 

In order finally to decide on the appropriate choke 
tapping, it is necessary to check the voltage actually 
available at the unit under running conditions. In the 
design of a new installation the probable voltage-drop 
in the cables can be calculated by the usual methods,* so 

* L. B. W. Jolley, J. M. Waldram, and G. H. Wilson; “ Theory and Design 
of Illuminating Engineering Equipment ” (Chapman and Hall), p. 553. 
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that an undue voltage-drop is avoided. It is worth 
noting, however, that the h.p.m.v. lamp and tapped 
choke have an advantage over the tungsten-filament 
lamp in this respect. It is unusual to provide filament 
lamps of different voltage ratings in the same installation, 
and a considerable'’difference in light output may result 


lamps, the minimum required for one make of lamp being 
given as:— 

200/210-volt lamp . . 185 volts 

220 -volt lamp .. . . 200 volts 

230-volt lamp .. . . 210 volts 

240/250-volt lamp .. 215 volts 



Fig. 12. Variation in performance of lamp, choke, and condenser unit, with changes in mains voltage. 

Vm = mains voltage. V = voltage setting of choke (230 V). 


Variable 

Value at 
— V— 230 volts 

Overall watts ., .. .. 

420 

Mains starting current .. ,, 

4-10 amperes 

Mains running current 

2*12 amperes 

Overall power factor .. 

0-S6 

Permissible sudden voltage-drop 

29 volts 


as between the beginning and end of a long cable-run. 
With the h.p.m.v. lamp this effect can be counteracted 
by the use of different tappings on the chokes, and a more 
uniform light output can be provided. 

Sufficient voltage must be available for striking the 


In a single-phase system or a balanced multi-phase 
system the voltage-drop in the mains will be lower under 
starting conditions, owing to the lower wattage of the 
units; for, although the starting current is about twice 
the running current, the power factor is very low, and 
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consequently the voltage-drop due to the starting current 
is nearly in quadrature with the mains voltage. This 
efiect may, however, introduce unusual voltage-drops in 
unbalanced 2- or 3-phase systems, but normally if the 
voltage under running conditions is up to the specified 
minimum, correct striking will be assured. In excep- 


units. If overhead distribution is used in a residential 
area where sensitive radio receivers may be used in j&rst- 
floor or second-floor rooms a few feet from the units, 
some interference may be detected during the first 
minute or two after the lamps have been switched on. 
This very infrequent efiect is not considered to be of 



Fig, 13.—^Variation in performance of lamp, choke, and condenser unit, with changes in mains voltage, 

= mains voltage. V ~ voltage setting of choke (230 V). 


Variable 

Value at 

7 ^ = y = 230 volts 

Lamp watts.. 

Lumen output 

Efficiency 

400 

18 000 

45 lumens per watt 

1 


serious importance, but it may be mitigated, if necessary, 
by connecting a small condenser (about 0 • 1 /xF for 
400-watt lamps) across the lampholder connections. 

It has been suggested that the slightly irregular wave¬ 
form of current taken by the lamp might afiect the 
supply to near-by consumers on a street lighted by 
these lamps. Consideration will show that the street- 


tionally cold weather the required minima may be about 
5 volts higher than the figures given. 

Wave-Form and Interference. 

The majority of street-lighting cables in this country 
are run underground. With this system there will be 
no radio or telephone interference from h.p.m.v. lamp 
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ligMing load would have to be much greater than the 
domestic load, and the cables common to both to be of 
high resistance, for any efiect whatei^er to take place at 
the consumers’ terminals. Oscillograph records show 
that the supply voltage is not, in fact, affected. The 
current taken by the condenser will be affected to some 
extent by the wave-form of the supply voltage, and the 
condenser will provide a path for any high-fi*equency 
ripple in the supply. 


Voltage of Supply. 

The 200/210-volt h.p.m.v. lamp will strike at about 
185 volts and over. If the supply voltage is lower, a 
step-up transformer will be necessary; alternatively, 
special lamps with heating arrangements for one or both 
electrodes can be used. The use of a transformer to 
supply a group of posts will have the advantage of 
reducing the copper loss in the distribution system and 
will enable smaller cables to be used. 



Fig. 14.—^Typical arrangement of apparatus in base of 

column. 


Frequency of Supply, 

Supplies at frequencies other than 50 cycles per sec. 
will require special chokes and condensers of different 
rating. For 25-cycle supplies, two 50-cycle chokes in 
series and two standard condensers in parallel will meet 
the case, whilst the reverse arrangement will cover 
100-cycle supplies. 

For intermediate frequencies it may be possible to 
adjust the standard chokes so as to give the correct 
running wattage, but the starting current will depart 
slightly from normal in most cases. It is to be hoped 
that the standardization of frequency now taking place 
will soon eliminate these special requirements. 


(2) THE LANTERNS 
(a) Optical Design 

In lighting a street it is clearly desirable to redirect 
into more useful directions light which the bare lamp 
emits towards the sky. It is further desirable to redirect 
up and down the street some of the light which would be 
emitted by the bare lamp beyond the road margins. 





Ventilator 


Choke 


Fuses 


Condenser 


Fig. 15.—^Ventilated box, housing choke and condenser. 


An effective type of light distribution is now known and 
is given by most of the lanterns to be described. 

The vertical-burning lamp has proved a most con¬ 
venient source for the production of the desirable form 
of light distribution discussed on page 263. Various units 
generally similar in appearance but differing in details of 
construction or in the optical system have now been 
produced and are in common use.*** 

In the four typical forms of lantern shown in Fig. 16 
(see Plate 1), the main redirection of the light from 
the lamp is obtained by means of pressed glass plates 
having vertical prisms moulded on the surface, as shown 
at R in Fig. Such an optical device can be 

made to fine limits at a relatively low cost, and accurate 
control of the light is possible. The angles of the prisms 
are so designed that each prism or gang of prisms 
redirects the light incident upon it into a predetermined 
zone, and the desired form of distribution can thus be 
obtained from the complete refractor. Very little re¬ 
direction by the refractor is attempted in a vertical plane. 
Any attempt to do this with a set of horizontal prisms 


c *S.mGUSB: mufmnatmg Engineer (London), 1934, vol. 27, p. 362; also 
S. S. Beggs and G. H. Wilson: G.E.C. Journal, 1935. vol. 6, p. 127. 
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Fig. 16.—Examples of refractor-type lanterns. 
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Lantern with spun body and single-piece optical system 
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Lantern using refractors and reflectors. 


Fi^. 19 


Fig. 21 .—Reflector unit for horizontal-burning lamp. 
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Fig. 23 .—Street showing superimposition of bright patches. 

(View at 10 inches for correct perspective.) 



Fig. 24 .— Brightness distribution in a ^ h.p.m.v. lamps, 

^ Yalues given are in equivalent foot-cana 

(View at 10 inches for correct perspective.) 





Plate 4 
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Fig. 26. —Perspective diagrams of installation for intersection with "roundabout.” 

(View at 4 inches for correct perspective. (If it is desired to focus for correct perspective, 

view through lens of 4 inches focal length.) 
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results in a displacement of the bare-lamp distribution in 
such a way that the intensity increases rapidly from about 
20° to the downward vertical to 60° or 70°. This form 
of distribution inevitably results in a patchy distribution 
of brightness in any normal roadway, for the following 
reason. The road reflectivity increases rapidly with 
increasing angle, and if the intensity from the fitting 
increases at too rapid a rate the resulting increase in 
brightness will produce the often-condemned pools of 
light/' 

Some further redirection is required into zones not 
covered by the refractor. It will be seen from Fig. 3 
that the lamp itself has a relatively low intensity in a 
downward direction. This low intensity, if not aug¬ 
mented, would result in a dark patch under the unit. 
In the built-up type of lantern a vitreous-enamelled or 
specular top reflector and diffusing glass or enamelled 


for the general illumination of roadway, sidewalks, and 
building fronts. The combination of refractor plate, 
diffusing bottom, and diffusing end, can be made to 
produce the requisite form of distribution. The typical 
performance diagram for one side of a lantern, shown as 
a series of isocandle curves in Fig. 18, indicates the way 
in which the bare-lamp distribution .is modified by the 
lighting unit. 

In some other units, reflectors alone or combinations 
of reflector and refractor produce the redirection of light. 
The interior view of the lantern illustrated in Fig. 19 
(Plate 2) shows the combined use of plate refractors and 
opal glass reflectors. 

The particular optical arrangements of the units 
described above are robust and simple to incorporate in a 
lantern. In their manufactured form the lanterns are 
accessible and easy to maintain. 


180 ° 120 ° 



pitf 17 ,_Polar curve showing light distribution in a vertical plane in direction of street, from lantern illustrated 

in Fig. 16(a) with 400-watt lamp; 18 000 lumens. 


side panels augment the illumination on a diffusing 
bottom panel. If this panel is of sufficient area and 
transmission, an adequate intensity can be produced in 
the downward direction and at angles near to that 
direction, so that the desirable flat-bottomed polar 
curve described on page 263 results.* Fig. 17 shows for 
lantern (a) in Fig. 16 the polar curve in a vertical plane 
through the direction of maximum intensity. 

The region of the distribution seen in plan, which 
contributes to the effectively bright patch produced by 
a distant source, is less than 1° wide. Nevertheless, it is 
necessary for the lighting unit to give^ sufficient intensity 
in directions making greater angles with the direction of 
the street, so that, as a source on the far side of the road 
is approached, the road surface appears adequately 
bright and, at the same time, sufficient light is available 

* For the reasons for this see G. H. Wilson: Illuminating Engineer^ 
(London), 1933, vol. 26, p. 161. 

VoL. 79. 


The built-up unit is considered by many to be pleasing 
in appearance. It is, however, expensive by comparison 
with a lantern comprising a spun body supporting a 
single-piece optical system. With this application in 
mind, units employing a single-piece refractor have been 
made which combine the features of the built-up lanterns 
in a unit which is both simple to construct and to main¬ 
tain. In one design, illustrated in Fig. 20 (Plate 2), 
concentrating prisms are pressed on the inside of the 
glassware and shallow diffusing flutes on the outside. 
The effect of this combination is to spread the brightness 
of the refractor over the whole width of the prismatic 
section so as to minimize glare and give to the lanterns a 
pleasing appearance. The same principle is used in lan¬ 
terns (a) and (<^) in Fig. 16 (Plate 1) . The dif^sing ends 
of the built-up unit are replaced by diffusing prisms 
situated between the main gangs of diffusing flutes. The 
light is reflected by the sides of the prisms and emerges 

17 
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from the tips, so that dirt lodging in the interstices 
between them has little effect. The bottom of the glass¬ 
ware is pressed in a series of small cones of various angles, 
which produce an effect comparable with that of the 
diffusing glass in the rectangular units and increase the 
intensity in the downward direction. 

Consideration of the performance diagrams for the 
lanterns will indicate that quite a considerable proportion 
of the light is radiated above the horizontal. It will be 
shown that, in spite of this, the distribution is effective 


carriage-ways of average width. But they also showed 
that a high gain could only be obtained by robbing the 
distribution of the characteristics which produce a 
high-brightness installation, viz. a flat-bottomed distri¬ 
bution with high intensities in the region of 80° to the 
downward vertical. 

Wlien a unit is designed to produce this optimum form 
of distribution in a vertical plane with a horizontal- 
burning lamp, much light is radiated at high angles on to 
the sides of the road, for the distribution is wide and it is 


180 " 



in producing high and uniform road brightness, on 
account of the shape of the distribution and the main¬ 
tenance of high intensities at high angles. Nevexdhe- 
less, it was apparent at an early stage that if the dis¬ 
tribution from the vertical-burning lamp and fitting could 
be turned through 90° (which would entail burning the 
lamp horizontally) less light would be radiated above the 
horizontal and there would be some possibility of pro¬ 
ducing better lighting of the roadway, although the dis¬ 
tribution would be extremely wide. 

Measurements on experimental fittings showed that in 
this way more light could, in fact, be concentrated on to 


desirable that the maximum intensity should occur at 
angles in the region of 80° or more to the downward 
vertical. Results from an experimental fitting of 
this land have shown that for a normal road 30 ft. in 
width, with the units kerb-mounted about 25 ft. high, 
there was a gain of only approximately 10 per cent in 
the amount of light reaching the carriage-way. The gain 
will increase, however, as the road width increases, and, 
further, with this type of unit higher maximum intensities 
are possible, and therefore higher road brightness, with¬ 
out any reduction in the width of distribution across the 
street. 
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If the same maximum intensity were obtained with the 
vertical-burning lamp, the distribution would be too 
naiTow for satisfactory lighting. One form of lantern, 
burning the lamp horizontally as described and using 
reflectors for the redirection of the light, but giving its 
maximum intensity at an angle of 75° to the vertical, is 
shown in Fig. 21 (Plate 2). 

Running the lamp horizontally involves the use of some 
auxiliary apparatus to prevent the arc from bowing up¬ 
wards, and this inevitably adds to the cost of the 
unit. A magnetic deflector, connected in series or in 
parallel with the lamp, can conveniently be used for 
this purpose. Various mechanical arrangements of the 
deflector are possible, the requirements being a reason¬ 
ably uniform horizontal magnetic field of the necessary 
strength through the axis of the lamp and in the correct 
direction to maintain the arc substantially horizontal. 
In the lantern described, the deflector is situated above 
the reflector and over the lamp. The position and field 
strength of the magnet have to be so designed that 
the requisite deflection is obtained over the normal 
ranges of mains-voltage fluctuation and spread in rating 
between individual lamps. 

(b) Mechanical Design 

The mechanical construction of the fittings will be 
determined mainly by the available manufacturing 
facilities. Cheapness is important, but it is clearly un¬ 
wise to reduce costs to the bare minimum if it leads to 
unserviceable fittings. A single drop of water may crack 
an h.p.m.v. lamp, and therefore great care has to be 
taken to ensure a watertight construction and to avoid 
the possibility of condensed water from the bracket arm 
entering the lantern. With non-enclosed fittings it is 
usual to employ a cylinder or well glass to protect the 
lamp. This protecting glass needs to be of such a size 
that it operates at a sufficiently low temperature to 
avoid cracking during rain. 

For the construction of the lanterns, copper sheet and 
bronze or iron castings have been found most serviceable. 
If steel is adopted for lanterns in which magnetic de¬ 
flectors are used, it may considerably aflect the deflector 
field. The greater heating eflect of the h.p.m.v. lamp 
as compared with a tungsten lamp of similar wattage has 
already been remarked. It has often been necessary to 
employ heat-resisting glass, specially developed for the 
purpose, for the manufacture of prismatic glassware for 
these lamps. 

Ventilation of the lantern tends to result in severe 
soiling of the interior and in access of insects, and a con¬ 
struction as nearly airtight as possible is preferable. It 
has been found that totally-enclosed lanterns can be de¬ 
signed which adequately dissipate the heat from the lamp. 

The design of brackets calls for little comment, except 
that it is desirable that the bracket should be rigid, and 
that the lantern should be so attached that it can be 
aligned accurately with the street and securely locked in 
position. When adjustment for alignment is permitted, 
it is not simple to ensure a watertight connection between 
lantern and bracket. A special form of nnion for 
suspended lanterns, shown in Fig. 22, has been developed 
to overcome this difficulty. This union permits a positive 
locking after alignment and prevents leakage of con¬ 


densation into the lantern. An effective but uncon¬ 
ventional bracket shown in Fig. 16(a) (Plate 1) was 
designed for the first h.p.m.v. lamp lanterns and over¬ 
comes the above dif&cnlties. 

(3) THE INSTALLATION 
Experience has repeatedly shown that the success of an 
installation is determined—^perhaps more than by any 
other factor—^by the way in which the sources are located 
and the installation is designed as a whole. The correct 
planning of installations is essential to their success, 
just as are sound electrical engineering and suitable 
photometric design of the lanterns: some knowledge of 
the underlying principles of street lighting is' therefore 
indispensable to the electrical engineer who has to deal 



with public lighting. The relevant results of recent 
work will therefore be snminarized and some new con¬ 
clusions given which it has now been possible to draw 
from them. 

It was realized in the early experiments that success 
would not depend alone upon having a lamp of high 
efficiency: it was necessary to know how to use its light 
most effectively. It so happened that certain features 
of the h.p.m.v. lamp led to a better understanding of 
the fundamentals of street lighting and showed the way 
to more effective installations. From the design stand¬ 
point the high efficiency of the lamp appeared at first 
to be offset by its length. The long, vertical light 
column was awkward, and accurate control of the light 
in vertical planes was difficult. As a result, in the first 
lanterns designed higher intensities than had been usual 
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were produced near the horizontal, and the first full-scale 
installation on the Watford Road, Wembley, was erected 
with some fears of glare. Special arrangements were 
made for louvre devices to mitigate it if necessary. To 
the designers’ surprise, however, the installation was suc¬ 
cessful beyond their expectations, and produced a very 
high degree of visibility with no material glare. The 
louvre devices were never used. For once, something 
useful had been found by accident. 

This experience formed a starting point for full investi¬ 
gation into the mechanism of visibility in streets and 
their appearance,* which, although it had been contem¬ 
plated for some years f and had in fact been tentatively 
begun some time before, had not progressed very far. 
The good results obtained were explained and the 
principles of their reproduction in future installations 
studied, and from this work a new basis was established 
for the technique of street lighting. 


(a) New Principles of Street Lighting 
The Geometry of the Problem. 

The modem ideas of street lighting differ from those of 
a few years ago in the emphasis placed on visibility and 
appearance of the road, in addition to that placed on the 
illumination falling on the road surface. This involves 
a study of the road and of objects in perspective rather 
than in plan. The field of view of an observer in the 
road is made up of many different objects, but it con¬ 
sists mostly of very long surfaces such as the carriage¬ 
way or the footway, or the surfaces of buildings, seen 
almost end on. Consequently, some quite small region 
in the field of view may represent hundreds of feet of 
road or building, whereas another region of equal size in 
the field of view may represent quite a small object. A 
study of the perspective of roads was an important first 
step towards the understanding of visibility. 


The Mechanism of Visibility. 

It is well known that objects are discerned almost 
entirely as the result of the contrast with their back¬ 
ground. ^ This is true for the most part even in daylight, 
and it is certainly true in street-lighting conditions, 
w’^here colour vision and the appreciation of fine details 
give little help. In streets, both by night and by day, 
objects are almost always darker than their background 
and are seen in dark silhouette. This seems to be the 
most effective method for achieving the rapid and certain 
perception of objects, and is often brought about arti- 
fici^ly even in daylight, as, for instance, in the use of a 
white cricket screen. The particularly good visibility of 
objects on the skyline is proverbial. It has consequently 
been found that for quick and certain perception of 
objects on a street the road surface needs to be made 
bright, and if the brightness is great enough and suffi¬ 
ciently uniform the driver can be confident that he can 
see at a glance whether or not the road is clear. The 
background is not formed entirely by the road surface, 
and the many other surfaces of which it is composed 
neglected, for they may make a substantial 
contnbution to visibility. In the authors’ view, however, 
the road surface is by far the most important; for if it is 


t /isw (London), 1934, voL 27, p. 305. 

T Joem, Association of Public Lighting Engineers, Shefiaeld, 1928. 


adequately bright, then, even if the whole of an object 
cannot be seen against it, such parts as can be seen are 
seen very clearly and the presence of an obstruction is 
realized. It is rare to see the whole of a large object 
clearly on a street at night. 

When the traffic is very heavy this argument may 
need some modification. The field of view is then occu¬ 
pied, for the most part, by the vertical surfaces of 
vehicles ahead, and the road surface plays a less- 
important part. In such installations the light sources 
should be arranged to illuminate the backs of vehicles as 
well as to render the road surface bright. Nevertheless, 
in such roads the brightness of the road surface is still 
important, and drivers rely upon it more than might at 
first be supposed. 

Another factor which plays an important part in 
visibility is the motion of the background and object 
relative to the observer. Although the effect of motion 
is indeterminate and cannot at present be forecast, 
general observation indicates that the effect of relative 
motion is always to render objects much more easily 
visible. 

Effects of Road- Surface Reflection Properties. 

Any investigation of road-surface brightness involves a 
knowledge of the complex ways in which light is reflected 
by the surface, for they result in a brightness distribution 
and a consequent appearance of the surface quite dif¬ 
ferent from that which would have been expected at first 
sight from the distribution of illumination. 

The effect of the reflection characteristics of the road 
surface is that a bright area associated with each light 
source is formed on the road surface. This area has 
always the same general characteristics, but its shape and 
size are altered by the road reflection properties and by 
the candle-power distribution of the lantern. In general 
it is T-shaped, centred about the line joining the observer 
to the light source and lying always between the two. It 
is safe to assume that no light source will ever render use¬ 
fully bright the road surface beyond it. 

The “ head ” of the T-shaped area, as will be seen from 
Fig. 23 (Plate 3), lies actually just on the observer’s side 
of the light source, though in perspective it appears to 
be practically at the foot of the post. If the road is 
matt, this head ” is wide and fairly bright and may 
extend well across the road, giving the appearance of a 
narrow cross-band. It is formed by light leaving the 
light source in the region of 45° from the vertical. The 

tail ” of the T, which is always centred about the line 
joining the source to the observer, varies greatly in 
length and in brightness, according to the light distribu¬ 
tion and the character of the surface. On a new rough 
surface it may be barely distinguishable; with a highly 
polished or flooded road surface it may be several hundred 
feet in length and very bright and narrow. It is formed 
by light leaving the source at angles near the horizontal, 
i.e. from 75° to 87° to the vertical, and if the fitting has 
a ’’ cut-off ” the length of the tail may be very much 
reduced. In one extreme, therefore, the bright area may 
be a narrow cross-band, horizontal in a perspective view, 
and in the other extreme a narrow, very bright longi¬ 
tudinal band running towards the observer, i.e. vertically 
in a perspective view. The most suitable shape of the 
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bright area is intermediate between these extremes. If 
the shapes of the areas are at either extreme, they cannot 
with ordinary spacings be so arranged in the field of view 
that no dark areas remain between them. Fortunately, 
it is possible with most modern road surfaces of moderate 
si?ioothness, and with properly designed light distribu¬ 
tions, to produce bright areas which are sufficiently long 
and wide to coalesce when the units are at normal heights 
and spacings, and thus to produce a background of suffi¬ 
ciently high and uniform brightness to reveal all objects 
with certainty. 

Uniformity and Level of Brightness of the Road 
Surface and of Objects. 

The brightness distribution of the road surface in a 
complete installation results from the superimposition of 
the various bright areas, one associated with each lighting 
unit, in their various relative positions in the field of 
view, as shown in Fig. 23 (Plate 3). Since the axis of 
each area is always in line with the observer and the 
source, the complete brightness distribution will change 
as the observer’s position changes: the art of designing 
the installation lies for the most part in locating the 
sources, and so designing the light distribution, that large 
bright areas are produced which efiectively cover the 
important part of the road surface from all relevant 
points of view. 

If the general brightness level is too low, light objects 
which nearly match their background may be incon¬ 
spicuous. This seldom occurs at higher brightnesses. 
Objects become invisible when the brightness both of the 
object and of its immediate background is very low, and 
under these conditions, which often occur in badly 
planned installations, especially on a wet night, objects 
may vanish and the lighting may become a contributory 
cause of accidents. Both the level and the distribution 
of brightness of the road surface and other backgrounds 
are therefore important and must be considered together. 

In the authors' view it is misleading to refer to maxi¬ 
mum, minimum, or average brightness, without reference 
to the brightness distribution. The effect of non¬ 
uniformity of the background brightness is probably com¬ 
plicated by psychological phenomena; but there is no 
doubt that a non-uniform background is trying and 
puzzling, even when so arranged that objects cannot 
disappear against it. The analogy of protective camou¬ 
flage will be obvious. Apart from this, the importance 
of a dark region depends very much on its size, shape, and 
position in the field of view. If it is large enough to 
conceal a significant object in a position which is of 
importance to the driver, then it may be dangerous. In 
some positions, quite a small dark patch may be de¬ 
ceptive and dangerous. On the other hand, the large 
dark region which almost always occurs to the right of a 
driver and fairly close to him is of no importance, because 
he is not concerned with any objects concealed there. The 
suitability of a given brightness distribution is therefore 
not easily assessed, and the specification of a desirable 
distribution is difficult. 

As a rough measure of the brightness level in existing 
installations the authors have taken the brightness level 
of the road surface which forms a background to objects 
200-300 ft. distant when seen by an observer usually 


under one post, with his eye 5 ft. high at 10 ft. from the 
kerb. This has been called the '' effective brightness." 

The degree of non-uniformity which can be tolerated 
is not definitely known, but is much smaller than might 
be supposed. A diversity of 2 or 3 to 1, which would be 
inappreciable in an interior lighting installation or in 
floodlighting, is very noticeable in a street and would be 
estimated as more nearly 10 to 1, probably because it 
occurs over so small a region of the field of view. With 
a diversity of 10 to 1, detail is beginning to be lost in 
the dark areas, as may be expected from the known pro¬ 
perties of the eye. Patches of unusually low brightness 
in an otherwise adequately bright road may be very 
deceptive indeed and can be a cause of accidents. In 
centrally lighted roads of usual proportions the brightness 
of the surface near the kerb is often about one-tenth the 
brightness at the centre, and objects tend to disappear 
near the kerbs. A diversity not exceeding 5 to 1 over the 
significant part of the road surface may be taken as a 
rough limit. 

As objects are discerned by contrast, the brightness of 
objects is also important. Evidently the object should 
be left as dark as possible if it is to be seen against the 
bright road or other surface. The object brightness is 
a maximum when light is incident upon the object 
at about 45°, and increases as the mounting height 
diminishes. The conditions for visibility are improved 
up to a point as the mounting height is increased, for the 
bright areas become larger and more uniform and the 
objects become darker; but the general level of brightness 
diminishes with increase of height. Objects are almost 
always dark compared with the road surface, for most of 
them have a low reflection factor and they are not 
illuminated at glancing incidence where high reflectivities 
can be turned to account. The reflection factor of even 
light clothes (excluding white flannels) is seldom more than 
20 per cent. At present the lowest safe road-surface 
brightness level cannot definitely be laid down, but the 
authors believe that an effective brightness not less than 
about 0 * 1 equivalent ft.-candle* is necessary in order to 
satisfy road users of the presence or absence of objects. 
The brightness distribution in a well-planned installation 
of h.p.m.v. lamps is shown in Fig. 24 (Plate 3). 

Glare. 

The effect of glare on vision, in streets has been widely 
discussed, and a great deal of patient experiment has 
been directed to determine the magnitude of its effect. 
There is no doubt that very bright sources can cause 
considerable discomfort and distraction, and can some¬ 
times be measurably deleterious to vision. There is 
reason to believe, however, that the deleterious effect of 
glare is less serious than might be supposed, inasmuch as 
it is confined to conditions of very low contrast which 
are in any event dangerous. If the contrasts are suffi¬ 
ciently high to satisfy a driver, then such glare as 
generally occurs from street-lighting units of reasonable 
magnification will not have any measurable effect upon 
the perception of objects. Thus glare is most dangerous 
in the badly lighted roads. When the brightness level is 
reasonably high, bright sources may be noticeable but 

* 1 equivalent ft.-candle is the brightness of a perfectly diffusing surface of 
100 per cent reffection factor illuminated to 1 ft.-candle. 
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wail not hinder vision. Nevertheless, e^i^ery effort ought 
to be made—^by avoiding unnecessarily high intensities 
near the horizontal and by using as great a mounting 
height as practicable—even to avoid glare which merely 
causes discomfort. 

While the above remarks apply to wdiat has been 
termed disability glare,it is necessary, also to con¬ 
sider '' discomfort ’’ glare, i.e. the distracting and worry¬ 
ing effect of bright sources, apart from definite hindrance 
to vision. This is not yet measurable, but it may be a 
definite factor in the effectiveness of the installation. 
The factors which affect discomfort glare may not be the 
same as those affecting disability glare, but they are not 
definitely known. It is suspected that discomfort glare 
is less as the brightness of the effective light source is 
reduced. 

(b) Arrangement of Sonrces and Distribution 

of Light 

Economic Considerations. 

It is not possible in such a complex problem as street 
lighting to specify exactly an optimum system, for any 
system has to fulfil a good many requirements the rela¬ 
tive importance of which varies in different installations. 
Moreover, the overriding factor, from which really arise 
aU the problems of street Lighting, is the cost. Granted 
unlimited funds, the optimum installation would possibly 
use a great many entirely concealed sources consuming 
a great deal of power, producing high visibility over the 
whole of the carriageway and footway, by, as it wrere, 
brute force. Since this cannot be afforded at present, the 
system of using relatively few exposed sources, of small 
power and dimensions at comparatively great spacings, 
has to be retained, and all possible means exploited 
of producing high visibility at low cost. Although the 
strictly optimum system cannot be specified, it is possible 
to explore the several variables concerned and to arrive 
at an installation which is optimum inasmuch as it 
can ^ produce adequate visibility for fast traffic at a 

An investigation of relative costs indicates that, on the 
whole, an installation using high posts and spacings up 
to 150 ft. is less costly than one using lower posts at 
smaUer spacings giving the same amount of light. It is 
more costly to maintain, since a tower wagon and two 
men are required instead of one man with a hand ladder 
and a bicycle; but since a tower wagon is required for 
ail mounting heights of more than about 18 ft., and since 
the cost of posts increases in much less than direct pro¬ 
portion to their height, little extra cost is involved in 
going from 18 ft. to 25 ft. 

The selection of the mounting height is important 
technicany as well as financiahy, as has been pointed out 
above. As the height is increased, glare is decreased, 
uniformity of brightness is improved, and object bright¬ 
nesses are decreased. There seems to be no advantage, 
however, in going to greater heights than about 25 ft. ' 

Arrangement of Sonrces. 

The most important factor in producing good visibility 
IS the positioning of the sources. visiomry 

* Stiles: Illuminating Engineer (London), 1939, \'oI. 32, p. 304. 


The many possible arrangements of sources can be 
divided into two classes from the point of view of 
visibility, viz. rov/s of sources mounted at the sides, and 
at the centre of the carriageway. The bright areas from 
the individual units in each row combine to produce a 
bright lane in the carriageway. If the units are mounted 
in the centre of the carriageway, in a straight street the 
bright lane is formed in the middle of the road and the 
regions near the kerb are darker. If mounted on the 
sides, two bright regions are formed near the kerbs, with 
a darker region between. When the road surface is w^et, 
these characteristics become aggravated. A dark region 
near the kerbs is liable to be deceptive and dangerous, 
and for that reason the authors consider that central 
mounting should not be used except on streets so narrow 
that they are adequately covered by a single bright lane. 
On straight roads the use of sources on one side only is 
very bad and is universally condemned. 

The width between rows of sources should preferably 



Fig. 25.—Plan of lighting scheme for intersection with 

roundabout. 

not exceed about 30 ft., and in no case 45 ft. Thus on 
wide roads it is an advantage to use brackets over¬ 
hanging the kerb by about 6 ft., and very wide roads 
require three or more rows of sources. 

The spacing between sources in any one row should not 
exceed 300 ft. on straight roads. 

The positioning of sources on bends and roundabouts 
is most important, and every piece of road calls for 
individual treatment. Straightforward uniform spacing 
may result in large dark areas, for the sources may sub¬ 
tend too great an angle in plan (i.e. they appear too far 
apart in perspective) and the bright areas therefore fail 
to coalesce. As a rough rule, for mounting heights of, 
say, 20—25 ft. the sources should be so arranged that from 
any driving position any sources more than 200 ft. distant 
and adjacent in perspective do not subtend at the eye an 

angle on plan greater than about 5°. 

On roundabouts the sources should he so arranged 
that,^ as the driver rounds the island, bright areas are 
provided to show up the important comers and parts of 
the track. The plan of Fig. 25 and the three perspective 
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views of Figs. 26(a), (b), and (c) (Plate 4), show a projected 
scheme of this kind and the way in which the sources are 
arranged always to come into operation without leaving 
a dark area in any important region. If this method of 
design is adopted it will be found that even in wet 
weather the visibility is fairly satisfactory, although it is 
doubtful whether any reasonable system of punctiform 
sources can ever be entirely satisfactory in wet weather. 

On winding roads the foregoing principles lead to 
irregular arrangement of sources, and it is often necessary 
to effect compromises so as to satisfy the requirements of 
road intersections and of traffic in both directions. 

Optimum Form of Light Distribution. 

The optimum form of light distribution has been very 
much debated. On account of the geometry of the 
installation a few degrees in the polar curve in certain 
regions cover a large area on the road surface and a large 
extent in the field of view. Consequently, minor dif¬ 
ferences in polar distribution may make a very great 
difference to the appearance of the road. The charac¬ 
teristics which the authors have found to be valuable for 
installations of the type described above are as follows:— 

(1) The ratio of the maximum intensity to that in the 
region of the downward vertical should not exceed about 
6, in order to avoid glare. 

(2) The maximum intensity in candles should, as a 
rough rule, not exceed one-half the numerical value of 
the flux emitted by the bare lamp in lumens, in order to 
avoid glare. 

(3) The distribution between the downward vertical 
and the maximum should give a flat-bottomed polar 
curve, i.e. should follow approximately the law 
Iq = /q sec dt to prevent apparent shadows near the 
post. 

(4) The region of maximum intensity should extend 
from about 75° to 87|°, above which angle it should 
diminish as rapidly as practicable. This gives long, wide, 
bright areas and avoids waste of flux. 

(5) Adequate light should be provided upon the build¬ 
ing, fences, etc., adjacent to the highway. 

(6) In plan, the region of maximum intensity should 
include the direction parallel to the street axis and extend 
for at least 5° on the house side and 15° on the street side, 
in non-axial equipment; and for 10° on either side of the 
street axis in axial equipment. 

If short spacings are employed it is theoretically pos¬ 
sible to reduce the upper limit of the zone of maximum 
intensity to angles below 85°, but this is not always 
practicable and implies great care in installation and 
maintenance. A sharp upper cut-off is, in the authors' 
view, of rather doubtful value, as it is liable to go astray 
owing to poor maintenance, and they prefer a blunt dis¬ 
tribution which can be relied upon always to work in 
spite of the lamp attendant. 

It will be evident from the foregoing considerations 
that the many perennial proposals for street lighting, 
such as the use of fixed headlights, luminous kerbs, pro¬ 
jectors at kerb level, etc., cannot approach the per¬ 
formance of an installation properly designed on more 
orthodox lines. It is hoped that, in view of the recent 
data on road-reflection properties, they will be less fre¬ 
quently re-invented than in the past. 


(c) The Optimum Installation 

The above discussion can be summarized and an 
installation described which is, in the sense indicated on 
page 262, an optimum installation. The thoroughfare 
considered is a main traffic route, in which a moderate 
volume of traffic moves at the highest permissible speed, 
which will generally be 30 m.p.h., or more in de¬ 
restricted roads. The road surface is taken to be one of 
average characteristics, satisfactorily non-skid, ■worn by 
traffic but not very polished. And further, the present 
economic position, which makes it imperative to keep 
costs low and precludes any substantial increase in energy 
consumption or number of sources, is considered to hold 
good. 

It may be thought that the rapid developments of 
electric discharge lamps taking place at the present time 
are likely to affect these conclusions. In the authors' 
view, although the colour, shape, and size of sources may 
change considerably, unless there is a major reduction in 
both installation and running costs these recommenda¬ 
tions will remain substantially unaffected. 

The authors' specification*^ of the optimum installation 
for these conditions is as follows:— 

(1) Mounting Height. About 25 ft. 

(2) Arrangement of Posts. Nominally staggered, but 
varied where necessary for curves and crossings. The 
“ 5° rule " given on page 262 to be followed as far as 
possible. 

Where funds permit, much better results can be 
obtained if the staggered system is doubled to form an 
opposite system. 

(3) Width between Rows of Sources. Not exceeding 
30 ft. 

(4) Overhang from Kerb . For carriageways not exceed¬ 
ing 30 ft. in width, and for sources 25 ft. high, overhang 
is unnecessary and in some ways undesirable. Where 
the width exceeds 30 ft. an overhang up to but not 
exceeding 6 ft. is beneficial. For good results, roads 
more than 45 ft. wide require three rows of sources. 

(5) Spacing. On straight roads, the average spacing of 
sources in one row should not exceed 300 ft., and should 
preferably be less. On bends, etc., it may be desirable 
to transfer the sources all to the outside of the bend, in 
order to satisfy the “ 5° rule," and the spacing may well 
be reduced to 100 ft. or even less on sharp bends. The 
spacing between any individual ,p^^^ sources in one 
row should not exceed 350 ft. 

(6) Light Distribution. Approximating to the require¬ 
ments in col. 1 on this page. 

(7) Light Output. At least 3 000 lumens per 100-ft. 
run, and preferably twice this value, should be provided 
in each row of sources. (This is provided by 250-watt or 
preferably 400-watt h.p.m.v. lamps at 300-ft. spacing in 
each row.) 

Cost. 

The cost of an installation of this type varies con¬ 
siderably with local circumstances, and only approxi¬ 
mate figures can be given. From information available, 
a representative annual figure, including capital charges, 
appears to be of the order of £360 to £450 per mile. 

* Since this section of the paper was drafted, an Interim Report has been 
published of the Departmental Cor^ittee oft Street Lighting of the Mimstxy of 
Transport, in which somewhat similar recommendations appear. 
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(4) CONCLUSION 

This paper has been confined to present practice in a 
subject where rapid developments have occurred, and 
where future developments are, in the nature of things, 
to be expected. In a subject so dependent upon 
financial and administrative limitations, prophecy would 
be rash and has been avoided; and the conclusions drawn 
by the authors are not intended as absolute. 

At present, the financial position makes safety the 
prime requirement ; given more money, decorative effect 
can be added to utility, and future streets may be 
lighted by systems differing in some respects from those 
here laid down as optimum. But, for many years 


to come, efi&ciency will continue to take precedence over 
aesthetics. 

The limit of usefulness of the high-pressure mercury- 
vapour lamp has not yet been reached, but for public 
lighting, and for traffic routes in particular, these lamps 
and the method of application described in this paper, 
seem destined to play a major part. 
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DISCUSSION BEFORE THE INSTITUTION, 5th MARCH, 1936 


Mr. E. C. Lennox: The application of electricity to 
public lighting has not received from this Institution the 
attention which in my opinion it deserves. I would 
mention that another body, the Institution of Gas 
Engineers, has devoted special attention to the question 
of public lighting and has appointed a committee to deal 
with the subject. 

In dealing with the characteristics of the lamp, the 
authors refer to the colour of the light, which they 
describe as " blue-green but there is no doubt that to 
an unbiased observer who is inside the area lighted with 
these lamps the effect appears to be white, whereas the 
light from incandescent units, gas or electrical, seems to 
be of a reddish or yellowish colour, 

I am very pleased to see the reference in the paper to 
fog penetration, a statement which establishes that for 
practical purposes the -colour of lighting does not affect 
its power of penetrating fog. 

The authors mention that the permissible voltage-drop 
of their lamp is of the order of 20 to 40 volts. There are 
many bw-voltage networks in this country, especially 
in semi-urban and rural areas, where voltage-drops of 
20 to 40 volts may be experienced, and, especially on 
large interconnected networks (e.g. all those connected 
to the grid), a fault may cause a sudden voltage-drop 
over very large areas. What is the permissible sudden 
drop in voltage characteristic of the lamp ? Two years 
ago I tested some lamps of this type and found that a 
lamp connected to a 250-volt supply failed only on a 
voltage-drop of 60 volts or over, which is not often 
experienced on supply networks. In my experience 
this question of voltage-drop has caused no serious 
concern. 

In my opinion the mercury-vapour lamp with auxiliary 
filament in series cannot ever supplant the straight¬ 
forward mercury-vapour lamp. Apart from its lower 
efficiency, it seems to be of much more fragile construc¬ 
tion; it does not seem to be acceptable except in the 
case of promenades, where colour correction is of value. 
Moreover, the additional yearly maintenance cost very 
quickly wipes out any saving effected by the non-pro¬ 
vision of a choke and condenser. The authors’ figure for 
the efficiency (25 lumens per watt) is, however, the over¬ 
all efficiency, and should not be compared with their 
figures of 45 lumens per watt for the 400-watt h.p.m.v. 
lamp and 36 lumens per watt for the 250-watt lamp. I 
have calculated that the overall figures correspond¬ 


ing to these should be 43 lumens per watt for the 
400-watt lamp and 33 lumens per watt for the 250-watt 
lamp. 

I am often asked about the cost of providing colour 
correction in a mercury-vapour lamp while maintaining 
a fairly high efficiency. When replying to such questions 
I usually remark that the colour of the light emitted by 
the lamp has not proved a very serious drawback. It is 
only by very biased observers that the colour has ever 
been questioned at all. 

Under the heading "Current and Voltage under 
Starting Conditions ” the authors mention an overload 
of 100 per cent, falling to 50 per cent within 3 or 4 
minutes, as one of the starting-up characteristics of the 
lamp. Although this may be acceptable for separately- 
connected lamps, the connection of a group of mercury- 
vapour lamps to a separate street lighting circuit at one 
point, usually the tail end of a low-voltage network, 
raises a problem which may give some trouble to dis¬ 
tribution engineers. 

No reference is made in the paper to the question of 
fusing the lamp circuit of a mercury-vapour lamp. The 
fuses must, of course, be over-rated and this is rather a 
serious matter, especially in areas where earthing is a 
difficult problem. The earthing of a lamp column, in the 
North-East Coast area at any rate, is often a difficult 
problem, and the fixing of 7-5-amp. and 10-amp. fuses 
presents difficulty, especially in the case of a wiring fault 
to the lamp column. 

Dealing with the question of lanterns, I think it is 
important that the brightness of the refractor is spread 
over the whole width of the prismatic section. 

With regard to the mechanical design of the lantern, I 
agree with the necessity for a weatherproof fitting, and 
also to its being solidly fixed to the lamp column. At a 
height of 25 ft., lanterns are subject to considerable 
vibration, especially on tramway columns, and also in 
areas where the lanterns are placed in exposed positions. 
Breakage of lamp bulbs in winter storms has been due 
to vibration, and in the majority of cases the outer glass 
envelope breaks at a point near the lamp cap. I should 
like to ask the authors whether or not this long lamp 
should be supported in much the same way as the hori¬ 
zontal sodium lamp is supported, i.e. at a point near the 
end of the lamp itself. It is very important, in order to 
get correct results, that the lanterns should be adjusted so 
that the distribution of the lighting flux is in the correct 
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direction. Only too often one sees lanterns which are not 
properly fixed. 

In the British Standard Specification for Street Lighting 
(B.S.S. No. 307), even illumination has been taken more 
or less as the basis, i.e. foot-candles on the road surface. 
The average person, however, sees not so much even 
illumination ” as '' even road brightness.*' Visibility at 
night must be by silhouette. The road surface must be 
made bright, and any spill from the lantern itself is 
welcome and usefully employed if it falls on buildings, 
palings, and also on the sides of roadways, thus adding 
background brightness to the road brightness. The 
position of lamps is all-important, especially when few 
lamps are available, and the lighting engineer must be 
careful to examine the positions of lamps from all direc¬ 
tions of traffic. 

In the design of the optimum installation, the spacing 
is given by the authors as 100 to 150 ft. Few lighting 
authorities, however, can afford this class of work, and 
until legislation on the subject is introduced we have 
to be satisfied with much greater spacing. To my mind, 
this is not a serious drawback. I have a case in mind 
of a roadway lighted by 400-watt lamps with a spacing 
of 260 ft. which is acclaimed by all who have seen it as 
very well lighted, and certainly the visibility is very good; 
over this stretch of roadway motor-car drivers extinguish 
headlights quite automatically. In this case—quite a 
common one—^the lighting authority had been invited 
some time previously to change over from 75- to 150-watt 
lamps, but could not be persuaded to do so. On the 
advent of the h.p.m.v. lamp, however, this authority 
readily agreed to make a change. 

Much is claimed by the makers of certain light 
equipments with regard to the visual acuity—a point 
hardly mentioned in the paper—given by monochro¬ 
matic as against incandescent lighting. Observation 
shows, however, that with equal lumens output a similar 
positioning of lamps will result in visibility of approxi¬ 
mately the same degree. The question of visual acuity— 
which I would describe as creating a keen outline of the 
objects seen—is, moreover, not so important as the fact 
of seeing an object by silhouette. Considering, therefore, 
the annual cost of energy and maintenance, and capital 
charges spread over 20 years, for similar lumens output 
and various types of light sources, I find that the annual 
costs per mile for dusk to dawn all the year are roughly 
as follows: mercury vapour, 400-walt, £476; tungsten 
filament, 1 000-watt, £704; 160-watt sodium, £711. 
These figures indicate that, apart from the colour 
question, which is not important for roadway lighting, 
for many 3 ^ears the lamp described in the paper will be 
the most prominent type, and certainly the cheapest 
form of illumination for roadway lighting. 

The accident hazard at rdght is from 3 to 5 times that 
during the day, and more than 50 per cent of the acci¬ 
dents which take place in winter occur during lighting 
hours. We must therefore express our gratitude for the 
introduction of this lamp, which should help to make safe 
our roadways at night. 

Prof. E. W. Marchant: I should like to say a word 
on a point to which Mr. Lennox has referred, namely the 
advantages which accrue from effective lighting, in in¬ 
creasing the safety of the roads, a matter which is nowa¬ 


days affecting the public conscience. We are all be¬ 
coming educated as regards safety, and where public 
lighting is going to improve safety there seems to be a 
strong case for using some of the money in the Road 
Fund for this purpose. A great deal of money is spent 
on the improvement of road surfaces with a view to 
increasing safety, but surely the lighting of the roads is 
just as important from a safety point of view. 

The second point in connection with public lighting to 
which I should like to refer is the fact that the public¬ 
lighting load continues during the night time when 
other industrial loads are not usually very heavy, and 
therefore there is a strong case for the supply of electrical 
energy for this purpose being given at a relatively low 
rate. 

With the h.p.m.v. lamp we have now reached an 
efficiency almost as high as that of the flame arc lamp, 
which is the most efficient lamp that has so far been 
produced. I made a number of tests on this type of 
lamp many years ago, and obtained an efficiency of 
about 8 candle-power per watt for the lamp by itself; 
the lamp described by the authors has almost reached 
that figure. The flame arc is, of course, of little value for 
practical use, because it costs too much to maintain. 

I am interested in the authors’ statement that the 
presence of oxygen in the outer bulb of the lamp has been 
found to reduce the formation of an absorbing film on 
the inside of the inner bulb. Can they give us a little 
further information regarding this eflect ? There must 
surely be some sort of leak between the two, or there^ 
may be some cooling action due to the gas in the outer 
bulb. 

The use of a ballast resistance is also a matter which 
is of interest. In the Nernst lamp, produced about 
30 years ago, a ballast resistance was used in the form 
of heated iron wire, which, in a hydrogen-filled bulb, has 
a very high positive temperature-coefficient; thus, a 
relatively small voltage-drop was sufficient to com¬ 
pensate for the negative temperature-coefficient which 
exists in the lamp itself. In the authors’ lamp the 
filament itself is used both as a source of light and as a 
ballast resistance; this is a very interesting development. 
The iron-wire ballast resistance would not do that so 
well, but it occurred to me that it might be possible to 
get as high an efficiency in the lamp as a unit by some¬ 
thing of that kind, as by the use of these other devices. 

Reference has been made to the colour given by the 
authors’ lamp; I do not think that colour matters at all 
at night. I saw an installation equipped with these 
lamps when I was attending a meeting of the Association 
of Public Lighting Engineers at Margate, which is a place 
where one might expect criticisms to be made on the 
score of colour; but I did not hear any adverse comments. 

I have driven over a good many miles of streets lighted 
by mercury-vapour lamps, and I find that that advantage 
which is gained by this type of continuous lighting is 
enormous; the clearness of the objects on the road is very 
greatly enhanced by their use, and the silhouette is much 
stronger than that given by other t 3 q)es of public 
lighting. 

Mr. W. J. Jones: One of the important points to bear 
in mind in connection with the introduction of this new 
lamp is the fact that it has fired the public imagination, 
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and that as a result we have achieved remarkable results 
in the conversion of gas lighting to electric lighting; 
during the last few years we have converted many 
hundreds of miles of street lighting from gas to electricity. 
In fact, in this particular matter I think that we are 
ahead of the rest of the world, because we have now 
nearly 1 000 miles of street lighting carried out by this 
means, which is rather more than is to be found in all 
the rest of the world put together. 

I am sorry to find that the authors do not give con¬ 
sideration to the economic aspects of their subj ect. If, for 
example, the annual costs to a street-lighting authority 
of the 1 000-watt tungsten-filament lamp with a reason¬ 
able lantern are compared with the annual costs of one 
of these new lamps with a reasonable lantern, it will be 
found that considerable savings can be made. In the 
case of street lighting which is on only from dusk to mid¬ 
night it will be found that with this new system it is 
possible to pay the interest on the capital expenditure 


gained in this field already shows the remarkable poten¬ 
tialities that exist. The drawbacks which were expected 
in the early days—-stroboscopic effect, colour, etc.—have 
not shown themselves. The authors refer to the fact that 
the colour characteristics have not proved a drawback, 
as it was originally thought that they might, for street 
lighting. A similar remark applies to the use of these 
lamps for interior lighting of an industrial character. 
When one goes into a building lighted with these new 
lamps one has the impression that the sun has come out. 

Mr. Paterson, in his recent review of progress,men¬ 
tioned that there are two schools of thought on this 
matter of public lighting. One school permits a certain 
degree of glare, due to high-angle rays which are neces¬ 
sary to obtain uniform brightness; and the other considers 
that one should screen the light source to, say, 5° or 10“ 
below the horizontal. I rather support both schools of 
thought. I think that in the streets of cities, where 
there are buildings for backgrounds, the surroundings are 


Table A 



Total light 
emission of bare 
light source, 
lumens per sq. ft. 
of carriageway 

Minimum 
mounting 
height, ft. 

Minimum 
illumination 
anywhere on 
carriageway, 
ft.-candles 

Maximum spacing/ 
height ratio 

(1) Main traffic routes in towns, and shopping areas in 
suburbs .. .■ .. 

3 

25 

0*2 

8 

(2) Traffic routes where vision of distant objects is of 
primary importance 

1-75 - 2 

25 

— 

00 

1 

o 

(3) Secondary traffic routes passing through roads of a 
residential character 

1*2 

20 

0*1 

8 

(4) Residential roads .. 

0-3 

15 

0*01 

12 


with a surplus of 2o per cent, and with all-night street 
lighting that capital expenditure can be met over a 
reasonable period of years with at least a twofold cover. 

The optimium installation to which the authors refer 
is of the greatest importance to all interested in street 
lighting, particularly in view of the interim report of the 
Ministry of Transport on this subject. I am very glad 
to note that, while the authors mention the light output 
as being 3 000 lumens per 100 ft. of road, they do not 
really recommend this figure, because frankly it does not 
seem to me a satisfactory amount of light to use on main 
traffic routes. I would urge that the 250-watt lamp 
should not be used for this purpose, but that the 400-watt 
lamp should be employed in order to provide reasonable 
illumination. A committee of the British Electrical 
Development Association has been giving consideration 
to these problems for a number of years, and I give 
in Table A the recommendations which they have made 
for various classes of streets. The primary requirements 
in street lighting are to be sure of having a sufficient 
amount of light and to be able to distribute it effectively. 

Mr. Howard Long: I notice that the authors make a 
passing reference to the application of the mercury-vapour 
lamp to industrial lighting. Such experience as has been 


cheerful, and brightness of the streets is of importance, 
no cut-off is essential; but for arterial-road lighting I am 
not yet convinced that the importance of the brightness 
factor is greater than that of not viewing bright sources 
against a black background. 

Mr. T. N. Riley: In discussing the principles of street 
lighting the authors state that objects in the streets “ are 
almost always darker than their background and are seen 
in dark silhouette,’' Instead of seen " I would prefer 
to say discerned," as the authors do in an earlier 
sentence, because one cannot really see an object unless 
the eye can be focused upon it, and the brighter the 
background the more difficult does this become. By 
day, the contrast in brightness is small, and it is quite 
possible to focus the eye on the object except when it is 
on the skyline. Then, although the object is quickly 
discerned, it is not seen in the strict sense of the term, 
and it is extremely difficult to judge its size, distance, or 
relative motion. 

In street lighting it is most important that one should 
be able to judge the position and relative motion of other 
traffic. By arranging the light sources to get the 
maximum specular reflection from the road surface, real 

* 1936, vol. 78, p. 171. 
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vision is surely made more difficult. A cricket screen is 
useful only to locate tlie ball direction quickly; if one is 
to hit the ball, the eye must be focused on it, and a screen 
of too great brightness relative to the other background 
would make this impossible. 

A further objection to the bright road surface is that it 
accentuates contrast with the road boundaries, and so 
makes it more difficult for one to see objects approaching 
the road laterally. The authors state that a diversity of 
more than 5 :1 is undesirable on the road itself, and yet 
they advocate a method of lighting which may make the 
difference in brightness between road surface and grass 
verge of the order of hundreds to one. A study showing 
photographs of static objects on the road is unconvincing, 
since a large part of the traffic risk is due to other objects 
moving towards the road from the dark verge, and the 
driver is under continual eye strain in trying to see them 
against the glare of the road surface. It is more com¬ 
fortable and safer to drive in moonlight with a fraction 
of the road brightness the authors advocate because the 
eye has no sharp contrasts to deal with and can become 
adapted to the low level of illumination. 

To provide the desired specular reflection the authors 
design their lanterns so as to get the maximum light 
projection at an angle of about 80° to the vertical. I 
am surprised that they do not refer to the practice, which 
seems to be most favoured on the Continent, of cutting 
off the light beyond an angle of about 60° to the vertical. 
At long distances the source cannot then be seen by the 
driver of a ear. As he approaches the light, the hood of 
his car cuts off the direct view of the source. Admittedly 
this gives less road brightness than the authors* arrange¬ 
ment, but it may give better vision because the light- 
source glare is absent. 

It is suggested that a more practical trial of the merits 
of different systems than that afforded by photographing 
static objects, would be to make measurements of the 
reaction time of a driver’s response to objects made to 
move laterally across his field of view from a point well 
away from the road. The test might be made after 
{a) short and (5) long periods of exposure to the particular 
lighting system under test. Suitable methods of test 
have already been developed by the National Institute of 
Industrial Psychology and similar organizations. 

{Communicated) Many speakers in the discussion re¬ 
ferred to the headaches which some car drivers feel under 
mercury-vapour discharge lamp lighting, and suggested 
various explanations. In my opinion the eye strain 
caused by the effort to focus dark objects on a bright 
background, and by the effort to see in a field involving 
extremely high contrasts in intensity, is quite sufficient 
to account for such headaches. That is to say, they are 
due to the direction of projection and intensity of the 
light rather than to its quality as was suggested, although 
the quality may have a small bearing on the matter 
in that the mercury-vapour lamp is strong in those 
wavelengths to which the eye is most sensitive. 

Such eye fatigue could easily be tested by the psycho¬ 
logical methods I have referred to above. 

Mr. h.J. Davies: I have recently had the opportunity 
of seeing discharge-lamp installations both on the Con¬ 
tinent and in America, and although I saw excellent 
installations in both of these places, on the whole, as far 
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as I could judge, those in England seem to be much the 
best. This is due, no doubt, to the fact that from the 
beginning we have always used discharge lamps in 
lanterns specially designed to take the linear light source 
that is characteristic of the discharge lamp. 

There is one sentence in the paper that I do not quite 
understand; in Section (2)(^) the authors say '‘The 
precise way in which the light can best be distributed is 
now known. ...” Surely they do not mean to imply 
that we know all that there is to he known about the 
distribution of light ? There are no doubt many things 
to be learned about the intensity, distribution, and angle, 
of the light. 

I should like to endorse what the authors say about the 
correct planning of installations. Road-lighting instal¬ 
lations cannot be planned on the drawing board; it is 
essential that every individual piece of road should be 
viewed, and be viewed, as Mr. Lennox said, from every 
possible angle. It cannot be said that a main road has 
been lighted adequately when, by not lighting a side road 
which joins it, part of the background of that main 
road is left completely dark. In many cases the lamps 
used on the main road should be carried some distance 
down the side road, even though that side road does not 
carry a large burden of traffic. 

Prof. J. T. MacGregor-Morris : In the film that was 
shown by the authors, it was specially pointed out that 
the lamps were placed on the outside of the curves. I 
remember one of my colleagues saying to me how foolish 
this practice is because when one is motoring along near 
the inner edge the car hides the edge of the road from 
the source of light on the outside edge, and therefore it 
is not possible to see the inside edge; particularly is this 
true when it is misty. 

My second point concerns the physiological action of 
these gaseous discharge lamps on the eyes. I have taken 
many opportunities of asking people what they think of 
the illumination of roads lighted by these lamps, and in 
the vast majority of cases the reply is that they are 
excellent, that the car headlights can be turned out and 
that everything is in their favour; but there are just a 
few people whom I have met who tell me that they get a 
headache when they come to a section of the road thus 
lighted. What is the explanation? I suggest that 
possibly this may be that the source of light is confined 
largely to two lines in the spectrum, and that a man 
tries to focus an object first with one line of the spectrum 
and then with the other, so that the eye is tired by 
changing the focus back from one line to the other. This 

is the only suggestion that I can make. 

Mr. R. Maxted : With reference to horizontal opera¬ 
tion, on page 263 the authors refer to a series magnetic 
deflector; I would point out that this arrangement gives 
the reverse compensation from that required by the 
mercury lamp. A number of circuits are known and in 
practical use which give automatically the precise com¬ 
pensation required under greatly varying conditions of 
operation.* 

Turning to the question of lantern optical design, I 
suggest that it is scarcely correct to say that a fiat- 
bottomed distribution cannot be obtained when hori- 

* R. Maxted : “ Horizontal Discharge Lamps,” Elecincal Remem, 1938, vol. US, 
p. 309* 
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zontal prisms are applied to a vertical lamp. It is my 
experience that a flat-bottomed distribution is, if any¬ 
thing, more nearly achieved in a lantern where horizontal 
prisms have been correctly incorporated than in the more 
orthodox refractor lanterns. For example, the lantern 
shown in Fig. 19 incorporates a number of prisms at top 
and bottom, and in this case the flat-bottomed distribu¬ 
tion is quite good. 

The authors pass over a little lightly the question of 
flexibility of control and high coefflcients of utilization in 
lantern design. With the more compact filament-lamp 
source a high coefficient of utilization with flexible control 
of the distribution is more readily obtained than in the 
case of the long discharge-lamp source, and as much as 
40 per cent of the output from a filament lamp can be 
put on the road surface, either with or without a cut-ofl; 
so that, unless at least 13 per cent of the output from the 
discharge lamp can be applied under similar conditions, 
the higher efficiency of the discharge lamp is not realized 
in practice. I should like to ask the authors whether 
their reference to the 10 per cent gain in utilization 
attributed to the horizontal lantern [Section (2)(<z)] refers 
to the bare lamp output or to the output from a vertical 
lantern. It has been my experience that the average 
vertical lantern will put about 14 per cent of the bare 
lamp output on a 30-ft. carriage-way, whilst with the 
horizontal unit shown in Fig. 21 the proportion is 24 per 
cent, representing a gain of 70 per cent over the per¬ 
formance of the vertical lantern. The amount of light 
reaching the carriageway is not, of course, the absolute 
criterion, and in fact my colleagues and I have stressed 
the importance of the lighting of other backgrounds in a 
recent paper.* At the same time, unless there is some¬ 
thing abnormal about the distribution—^too much light 
to the side of the road, and so on—I agree that the light 
reaching the carriageway is a good basis of comparison 
of the general efficiency of lanterns. 

Referring to the distributions obtainable from hori¬ 
zontal lanterns, I cannot agree with the authors that it 
is necessary to rob any part of the distribution in obtain- 
ing high efliciency. I agree, however, that it is in the 
vertical plane parallel to the road axis that good control 
of the distribution is required. The horizontal lamp 
gives almost a point source in this plane, so that very 
complete control of the output is thus obtained, and any 
desired distribution is available. With the exceedingly 
flexible control and the unusually high coefficient of 
utilization obtainable, ample quantities of light are 
available for all angles between the downward vertical 
and the horizontal, so that there is no need to rob any 
part of the distribution. The location of the maximum 
beam is entirely a matter of choice, and by means of 
the horizontal lamp very high intensities can be pro¬ 
duced, together with a flat-bottomed distribution. One 
point of interest with regard to horizontal lanterns is 
that the utilization is increased by raising the cut-ofl, 
as less light then has to be handled by reflectors or 
refractors. , 

Mr. H. Duckworth: On page 242 the authors, in 
dealing with their lamp, refer to “ a stick of rare-earth 
oxides,” and, lower down, to "rare gases, such as 

I^wiEs, R. Maxted, and G. S. Lucas: ** The Importance of Kine- 
Roadway Illumination,” Illuminating Engineer, 1935, vol. 28, 

p. 381. 


argon.'' I should be glad to have a little more informa¬ 
tion on these points. 

Prof. Marchant has already referred to another point, 
namely the curious eflect of the oxygen in hindering the 
formation of an absorbing film on the inside of the inner 
bulb; perhaps the authors would also deal with that. 

Mr. T. Wadsworth: Have the authors any informa¬ 
tion as to how the atmospheric conditions in diflerent 
districts affect the efliciency of the lantern ? 

Mr. A. C. H. Frost: At a bend on a road where the 
buildings are fairly high, the important thing in my 
opinion is to define clearly the near-side kerb, and not 
the ofl-side kerb. Placing the lamps on the inside of the 
bend may achieve this more readily than does the practice 
usually adopted. 

Mr. G. S. C. Lucas: With regard to the use of electric 
discharge lamps in drawing offices, probably the most 
serious difficulty in this respect is the stroboscopic eflect 
of the lamps in interfering with the instruments which 
the draughtsman uses. This can be serious and, unless 
it is overcome to some extent by supplementing the 
lighting with tungsten lamps, complaints are constantly 
raised against the lighting. 

Turning to the question of headaches suffered by road- 
users where electric discharge lighting is used, is not this 
a question also of the repetitive glare produced as the 
road-user passes the lanterns in turn? The amount of 
light entering the eye rises rapidly as one approaches 
each standard, and falls immediately one passes under 
it. This eflect can, I think, lead to headache, and, 
unless the installation is carefully planned to cut down 
the repetitive glare as far as possible, some headaches 
are to be expected. 

In referring to the control circuit, the authors state that 
the current-limiting device may be either a choke or a 
condenser. At first sight it would appear that the con¬ 
denser would control the current in exactly the same way 
as the choke, except that the power factor would be a 
leading instead of a lagging one. By using chokes and 
condensers on alternate lamp standards one could perhaps 
maintain unity power factor. The difficulty is, however, 
that if any attempt is made to limit the current by a 
series condenser only, the lamp circuit becomes quite un¬ 
stable. This is probably due to the non-uniform control 
of the current from one cycle to the next, because the 
condenser does not limit the peak value or the rate of the 
charge, but only the quantity of the charge entering the 
condenser. The result is that, as the lamp runs up, the 
peaks of the current increase and there is a longer time- 
interval between the successive peaks of current, until 
the point is reached when the lamp will no longer strike. 
The difficulty can be overcome by certain circuit arrange¬ 
ments, but these show very little advantage in regard to 
cost over the present method of the choke and com^ 
pensating condenser. 

[Communicated] Referring to the optimum distribution 
for modern road-lighting conditions, it appears to me that 
the authors tend to over-emphasize the importance of the 
concentration of light at given angles near the horizontal, 
and that they have determined this optimum distribution 
from a consideration of long, straight roads with tarmac- 
surfaces polished by traffic. Under these conditions, and 
where the traffic is not too heavy to intercept the long- 
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distance brightness streaks, such a distribution has much 
to be said for it; but at bends, turns, and road junctions, 
such as are shown in Fig. 26 (Plate 4), the undue con¬ 
centration of light near the horizontal can add little or 
nothing to the brightness of the road and tends only to 
reduce visibility by adding to glare. 

It seems to me that what we must look for is a means 
for controlling the quantity of light near the horizontal 
without fixing definite distributions, so that optimum 
conditions can be maintained for various road surfaces 
and traffic densities, and particularly at points where the 
view is restricted by bends and curves. Furthermore, 
the possible development of concrete roads should not be 
lost sight of, because the light-coloured surfaces, whether 
wet or dry, will be less dependent upon the extreme 
specular-reflection methods of producing high and even 
road brightness. It may therefore be possible to reduce 
the intensities between 80° and 90°, thereby reducing 
glare and enhancing the general efiect. 

The authors gave a good illustration of the importance 
of curved roads and bends by their comparison of the 
still photographs of the straight roads and the moving 
film, taken from a car, of a stretch of road consisting 
primarily of curves and bends. In the moving film it 
was apparent that on the curves and where the letter-box 
and the pedestrian crossing the road were pointed out, 
local lighting from a single lantern was playing a major 
part and the long-distance streaks were for the most part 
absent. The clear view ahead was restricted and was 
certainly much less than 200 ft., and the curb and foot¬ 
path backgrounds were of considerable importance. The 
general impression of the road as seen on the motion 
picture was different from that of the still photograph; 
in the film, where two or three lanterns are in view at 
any one moment the observer is conscious of the bright 
points of the lantern to a greater extent than with the 
still studies. 

It is perhaps unfair to make rigid comparisons between 
the still photographs and the moving film, owing to the 
extreme difficulties presented in the latter case. Photo¬ 
graphs are proverbially unreliable in street-lighting work, 
even when care is taken to calibrate the density scale. 
Apart from the control of the density, the photographer, 
no matter how well-intentioned, will automatically 
station himself on the road where the lighting conditions 
and the road traffic are optimum for the point he wishes 
to demonstrate. With the moving film a far better 
general impression is gained, but the difficulties of taking 
and calibrating the film are increased. 

The motion film is a useful aid to a study of certain 
problems in street lighting where relative densities are 
not important, as, for instance, the position of the back¬ 
ground relative to the road traffic, but great care must 
be taken when brightness distribution is in question. 
One important point that the motion film establishes, 
however, is the fact that the impression of the road 
lighting obtained by a moving observer is different from 
that obtained by a stationary observer, a point which is 
often overlooked and does not receive the attention it 
deserves. 

On page 263, under the heading Overhang from 
Kerb," the authors state " For carriageways not ex¬ 
ceeding 30 ft. in width, and for sources 25 ft. high, over¬ 


hang is unnecessary and in some ways undesirable." It 
seems to me that the overhang is determined very largely 
by the condition of the road surface, and where specular 
reflection from the road surface forms the major bright¬ 
ness background on the road some overhang is necessary. 
On the other hand, concrete roads with light-coloured 
surfaces will not need the same overhang. The authors 
appear to have determined their light distributions for 
polished tarmac surfaces, but to have departed from this 
basis in their specification of overhang on page 263. 

Lieut.-Col. K. E. Edgeworth {communicated) : 
ring to the question of the use of an external reflector and 
to the “ pool of light " difficulty which was observed 
when it was tried, it would appear that the difficulty can 
be avoided if the mirror is so designed that the whole 
length of the light column is visible in it from the direc¬ 
tion in which maximum illumination is desired, say 85° 
to the vertical. Thus a mirror 12 in. long could be used 
at an inclination of 100° to the vertical to give an in¬ 
crease of 34 per cent in the critical direction, or a mirror 
24 in. long at an inclination of 95° to give an increase of 
62 per cent. 

Table B shows various arrangements for the mirror, 
correct and incorrect, and also polar diagrams indicating 
the amount of added light obtained in each case. The 
light scale is the same as that of Fig. 17 of the paper. 
The pool of light which is observed with a short hori¬ 
zontal mirror appears to be adequately accounted for, as 
the direction of maximum added light is at 75° to the 
vertical [case {b)]. If the mirror were shorter the efiect 
would be accentuated. With regard to case {/), it would 
probably not be worth while to use a mirror whose 
length was as great as 48 in., but a 24-in. mirror would 
be worth considering. There is an interesting parallel 
between this problem and the design of a searchlight 
mirror. The concentration of light which is possible in 
the beam of the searchlight depends on the ratio between 
the size of the mirror and the size of the incandescent 
source of light. 

Finally, with regard to the estimates of cost which 
were put forward during the discussion, in which the 
system described in the paper was compared with 
a system employing 1 000-watt incandescent lamps, 
several speakers overlooked the gain due to the optical 
system of the h.p.m.v. lighting, which appears to be 
about 2 1 1, making an overall gain of 6 :1 (as no mention 
was made of any opticak system being in use with the 
1 000-watt lamps). In other words, the system described 
in the paper was debited with the cost of the optical 
system without being given credit for its advantages. 

Mr. R. Bigg [communicated): With reference to the 
250-watt lamp with its “ choke losses," etc., this lamp 
appears to have no economic advantage over a 500-watt 
metal-filament lamp when energy costs 0*67d. per unit. 

The authors state that a relay has been used for the 
purpose of switching in a metal-filament lamp in the 
event of a surge extinguishing the h.p.m.v. lamp. . My 
knowledge of the performance of these lamps in a street 
installation over a period of 2 years would lead me to 
state that the fitting of such a relay is an expensive and 
unnecessary precaution. 

Fig. 14 shows both a time switch and a fog switch 
fitted in the base of the lighting unit. These, of course. 
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would be superfluous except at the control point of a 
complete installation. 

A representative annual figure, including capital 
charges, quoted by the authors for their optimum instal¬ 
lation, is £350“£450 per mile. Taking a mean value of, 
say, £400, with energy at Id. per kWh the energy cost 


alone will amount to about £200. Thus local tariffs will 
be of major importance in computing costs. I should be 
obliged if the authors would supply us with an analysis 
of their estimate. 

[The authors' reply to this discussion will be found on 
page 275.] 


Table 


Arrangement of reflector 

Angle 

with 

vertical 

Added 

light 

Total light 



degrees 

candles 

candles 

(a) Without reflector 

** •• •• •• •• •• «• 

90 

- 

2 700 



85 

— 

2 900 



80 

— 

3 100 



75 

— 

3 000 



70 

— 

2 800 

(b) With horizontal reflector 


90 

0 

2 700 

12 in. long 


85 

1 800 

4 700 



80 

1 500 

4 600 



75 ■ 

1 700 

4 700 



70 

1 300 

4 100 

(c) With reflector 12 in. long 

'___^ 

90 

700 

3 400 

inclined at 95° to. 


85 

1 100 

4 000 

vertical 


SO 

1 300 

4 400 



75 

1 000 

4 000 



70 

1 

700 

i 

j 

3 500 

(d) With reflector 12 in. long 

— 

90 

1 

900 

3 600 

inclined at 100° to 


85 

1 000 

3 900 (+ 34%) 

vertical 


80 

700 

3 800 (+ 23%) 



75 

300 

3 300 



70 

— 

2 800 

(e) With reflector 24 in. long inclined at 95° to vertical. This arrangement satisfies 

85 


1 800 (+ 62%) 

the condition that the light column shall be completely visible at 85° 




(/) With horizontal reflector 48 in. long. This arrangement satisfies the condition 

85 


2 500 (+ 86%) 

that the light column shall be completely visible at 85° 





* Throughout the Table the light column is assumed to be 3 in. high. 


NORTH-EASTERN CENTRE, AT NEWCASTLE, 9th MARCH, 1936 


Mr. F, L. Cator: I notice that the inner lamp is now 
held within the outer glass envelope by means of two 
wire spider supports. Formerly in this particular lamp 
the inner bulb was held in position by means of spring 
clips attached to the lead-in wires. Has it now been 
generally decided that the method of using wire spiders 
is the more satisfactory ? 

I also note that the axis of the tungsten spiral forming 


the upper electrode is in the horizontal plane, while with 
the lower electrode this axis is in the vertical plane. 
Why is this ? I should have thought that it would have 
first been decided that either the horizontal or the 
vertical position was the better, but that, this decision 
having been made, both electrodes would have been 
mounted in the same plane. 

The authors state that on a very cold morning the 
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lamps may take 5 minutes longer to run up than they 
do normally, while we know that when the lamps have 
been alight for some time and are switched off, they have 
to cool down before they will restrike. This period of 
cooHng down and then running up to fuU briUiance will 
take up to 10 minutes. Have the authors a curve 
showing the optimum starting temperature for a lamp ? 
What I mean by the optimum starting temperature is 
the temperature of the surrounding air to give the lowest 
striking voltage for the lamp and at wdiich the lamp will 
most rapidly run up to full brilliance. I believe that I 
am right in saying that if a curve is plotted for a typical 
h.p.m.v. lamp, with striking voltages as ordinates and 
Jbient te4»,t.r.s as “abscissJ, a b. 

obtained which falls and then rises again, the lowest 
point of the curve showing the optimum starting tem¬ 
perature to be about 30° C. 

As regards the choice of a lantern from the optical 
point of view, most street-lighting engineers and others 
interested in the installation of public lighting would 
like some information as to how to choose, from among 
the many lanterns which are offered them, the lantern 
with the best optical characteristics. I suggest that 
they should fix their attention on three considerations: 
(1) The polar curve of the lantern. (2) The iso-foot- 
candle diagram of the lantern when mounted at the 
recommended mounting height. (3) The coefficient of 
utilization of the lantern. 

From the polar curve of the lantern the engineer is 
able to see in what manner the lantern redirects the light 
from the lamp in a vertical plane; he can therefore form 
an opinion as to the amount of glare that will be experi¬ 
enced from this particular lantern, and to what extent 
the lantern will make use of the reflection properties of 
the road to produce the brightness streaks which are so 
important. 

The iso-footcandle diagram for the lantern and the 
coefficient of utilization are of course closely connected. 
After all, the main job of a street-lighting lantern is to 
redirect as much of the light as possible on to the road, 
and not to floodlight the surrounding buildings or fields. 
The coefficient of utilization of the lantern measures the 
efficiency of the lantern in that it tells the engineer what 
percentage of the light given out by the lamp actually 
leaves the lantern, and what proportion is absorbed by 
reflectors, refractors, etc. The iso-footcandle diagram 
further tells him how efficiently the light has been 
directed on to the road. 

The authors emphasize the fact that objects are seen 
by reason of the light which leaves the road, i.e. against 
the brightness streaks produced, but it must be remem¬ 
bered that the amount of light which leaves the road, 
which decides the degree of brightness and the extent 
of the streaks, is itself dependent on two things—^the 
refection factor of the road and the amount of light 
reaching the road. The public lighting engineer has 
no control over the former, but he can increase the latter 
by installing the lantern whose iso-footcandle diagram 
indicates that it has been carefully designed to redirect 
the maximum possible amount of light on to the road. 

Turning to Plates 1 and 2 of the paper, I think I am 
right in saying that, as a commercial proposition, a 
refractor cannot be made more than 60 per cent efficient. 


vdiereas a good reflector may quite easily be 80 per cent 
efficient. I should like to ask the authors whether, in 
their view, a lantern using refractors only can ever be 
made to be as efficient as a lantern using both reflectors 
and refractors. 

As regards the T-shaped brightness streaks, what 
methods are there for broadening these streaks ? Does 
installing the h.p.m.v. lamp in a horizontal position 
give a wider streak? From the optical point of view 
the horizontal position seems to be the more natural 
one when a road has to be lighted from posts placed at 
the edge. 

The authors recommend that the lanterns should 
always be placed on the outside of a curve, but some 
curves are so gradual that the road appears practically 
straight when driving along it. What, in their opinion, 
is the maximum radius of the curve beyond which the 
ordinary staggered formation of units should be adhered 
to ? I assume that this depends upon the width of the 
road. 

Many people have remarked that under h.p.m.v. 
street-lighting they can not only see objects much more 
clearly defined, but they can judge distance more easily 
and accurately. The diflerence appears to be similar 
to the difference between looking at an ordinary photo¬ 
graph with the naked eye, and looking at a photograph 
through a stereoscope. I should like to know the 
authors^ view as to the reasons for this eflect. I suggest 
that it is due in the main to reduction of chromatic 
aberration and diffiraction blurring. Since the light 
from the h.p.m.v. lamp is radiated at two or three 
definite wavelengths only, the lens of the eye is able to 
focus the image brought by these wavelengths much more 
sharply on the retina. Since diffraction blurring in¬ 
creases with increasing wavelength, it is natural to assume 
that it will be much less pronounced under light from 
which the red wavelengths are absent. 

Mr. E. C. I. Macdonald: A number of references hre 
made in the paper to the sensitivity of the h.p.m.v'. 
lamp to change of voltage, and the extinction of the arc 
due to sudden voltage-drops.. This points to the neces¬ 
sity for seeing that any motors supplied from the same 
network will not adversely aflect the operation of the 
lamps, particularly at the end of long distributors some 
distance from the substation. In many cases the 
presence of motors on networks supplying public light¬ 
ing cannot be avoided, but, provided adequate pre¬ 
cautions are taken to restrict the motor starting current, 
trouble on the lighting circuits due to voltage fluctua¬ 
tions can be eliminated. 

In connection with the question of cost, it must be 
borne in mind that even a modest layout of h.p.m.v. 
lighting frequently replaces a very scanty incandescent 
layout supplied by equally scanty distributors in road¬ 
ways where there is no convenient means of reinforcing 
the public lighting network from the local distribution 
system. The reinforcement of the public lighting mains 
to deal with a full-scale h.p.m.v. layout then becomes 
an appreciable item in the total cost. On page 249, at 
the top of column 2, the reference to overload is am¬ 
biguous, and I suggest that the overload referred to 
should be related specifically to the load due to the 
lighting rather than, as might be inferred, to the rating 



272 


WILSON, DAMANT, AND WALDRAM: THE HIGH-PRESSURE 


of the distributor. This will avoid any suggestion that 
an overload can when convenient be treated as a normal 
rating, a state of affairs as dangerous as it is undesirable. 
I agree that in general the normal current rating of the 
distributor will be ample to deal with the load changes 
which will occur with h.p.m.v. lighting. During the last 
18 months I have had to lay out more than 400 networks 
of all types and sizes, and of the thousands of distributors 
comprising those networks the cross-section of less than 
o per cent—^probably nearer 1 per cent—^was settled by 
considerations of current loading rather than of voltage- 
drop, the distributors being rather larger than would be 
necessary on account of current alone. 

On page 252 the authors refer to the switching surge. 
I should be glad if they would give some indication of 
the magnitude and duration of this surge. 

I notice from page 253, col. 2, that when testing a 
lamp it is necessary to allow it to reach full brilliance 
before switching it off. According to the data given in 
the paper this may take 5 minutes or more. Can the 
authors state what effect this requirement will have on 
maintenance costs? The time occupied by a given 
round of testing wiU apparently be greatly increased 
thereby. 

Mr. I. J. St. A. Crawshaw: The authors' proposals 
for the lighting of a " roundabout" (page 262) are interest¬ 
ing, and the example chosen shows that scientific 
principles are being applied very carefully to the prob¬ 
lems of street-lighting. They make it very clear that 
objects on lighted roads are best seen when they appear 
dark against a much lighter background, and in this 
connection I should like to know whether they have 
experimented with h.p.m.v.- lamps and white kerbs, the 
latter preferably bevelled. It is my experience that a 
white kerb appears, under reasonable lighting conditions, 
as a continuous broad ribbon, and helps to bring into 
prominence dark objects on the roadway because such 
objects break the continuity of the ribbon. The 
bevelled kerb appears to be brighter than a kerb with 
vertical edges, possibly because more incident light is 
reflected from it towards the observer. It has also the 
advantage that it is not so likely to cause a skidding car 
to overturn when the wheels come in contact with it, as 
a vertical kerb which arrests the motion suddenly, 

I should like to know whether the new lamp has any 
features that would make it particularly useful for other 
public lighting, for example the lighting of aerodromes 
and lighthouses, or for floodlighting purposes. 

Mr. D. Balmain: The paper seems to deal with street 
lighting chiefly from the point of view of the motorist, 
and I should like to know whether the h.p.m.v. lamp 
gives any help to the pedestrian in crossing the road. 
Can he see approaching vehicles as well as the motorist 
can see him ? Secondly, it appears to me that it is not 
so much the lamp adjacent to the motorist which is of 
importance, but those farther along the road; for 
example, the lamps J mile away are far more effective 
and accentuate the presence of anything on the road 
more than those nearest to the motorist. 

Dealing with the question of the efficiency of glassware, 
glass for street-lighting purposes can be designed, and 
indeed has been manufactured, such that quite a large 
portion of green light and violet light is passed through. 


and the absorption factor is low; but it is more costly 
than the glass normally employed. I think most of the 
glassware for this purpose is a compromise between what 
we should like and the cheapest form in which it can 
be made. 

As regards the effect upon the retina of bright and 
dark patches on the road, I would point out that the 
bright patches appear, to anyone travelling in a car or 
walking down the road, to be proceeding along the road 
with the traveller. 

Mr. N. Elkington: I should like information upon 
the following points dealing with the lamp as an energy¬ 
consuming appliance to which supply has to be given 
without interference with other appliances fed from the 
same distributors. 

In the first place, when the lamp is equipped with the 
usual condenser and choke how closely can the resultant 
power factor of 0-15 at starting and 0*85 while running 
be considered to be vectorial at the fundamental fre¬ 
quency ? For instance, if the voltage-drop in the con¬ 
ductors up to the control point for the lamps is calcu¬ 
lated for sine waves at a power factor of 0*15 or 0*85, 
will the result require some correction to allow for wave- 
distortion ? What would the correction be for (a) a line 
consisting practically wholly of resistance, (&) a line 
where the reactance slightly exceeds the resistance ? A 
harmonic analysis of the current wave would be of 
interest. 

Secondly, assuming a group of lamps that would be 
extinguished during normal running by a sudden 
voltage-drop of 20 volts, and for which a starting kick, 
after the initial surge, of more than 20 volts is produced 
in the general network, what would be the behaviour 
of the lamps ? Would the lamps build up continuously 
or would they go in and out owing to extinction by the 
sudden voltage-drop caused by the starting current ? A 
curve elucidating the steady characteristics is given in 
the paper; a similar curve and explanation for instan¬ 
taneous conditions would be appreciated. 

Thirdly, what is the pressure in the h.p.m.v. lamp, 
and how does it vary during the running-up process ? 

Finally, I would mention that to labour the advantage 
of chokes with variable tappings over graded lamps 
almost detracts from the effect of the statement of the 
outstanding advantages. The switching-in surge in 
metal-filament lamps does occasionally give trouble. 
Consequently, if with h.p.m.v. lamps any line of re¬ 
search promises to reduce the surge without appre¬ 
ciably increasing the cost of the lamp, it is worth 
following up. 

Mr. James Dickinson: Fig. 9 appears to me to be a 
little misleading. Perhaps what is actually happening 
could be brought out more forcibly if the power factor, 
defined as the ratio of the active power to the total or 
apparent power in the circuit, were to be plotted against 
phase angle as abscissa (see Fig. A). Thus the phase 
angle of the circuit represented by Fig. 9 would appear 
to be suddenly jumping from about 23° lagging to 23° 
leading when the capacitance in parallel with the lamp 
increases to a certain value represented in Fig. 9 by 
approximately '' 100 per cent capacitance.'' 

The power factor does not pass steadily through the 
value unity, as the current in the supply leads changes 
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from lagging to leading, owing to the shape of the current 
and voltage waves, one of which is discontinuous. 

A recent paper* giving fresh significance to the con¬ 
ception of reactive energy, discusses the problem of the 



Leading current Lagging current 

Fig. A 

power factor of a mercury-arc rectifier, which, with the 
neon lamp, shares the characteristic of the h.p.m.v. 
lamp in that the currents and voltages supplied exhibit 
non-sinusoidal wave-forms. With such irregular wave¬ 


forms, there is a real distinction between power factor 
and the cosine of an angle of phase displacement, which 
is fundamental. 

If e represent the instantaneous value of the p.d. across 
a circuit, and i the instantaneous value of the current 
in it, then the mean value of ei over a whole period gives 
the rate at which work is being done in the circuit, or 
the power being expended in it. Assuming sinusoids, 


rT rT 

eidt — EI sin a)t sin {cot — (f))dt 


^0 -^0 


where E and I are maximum values, and cj) is a.'‘ certain 
auxiliary angle of great use in graphical calculations.''* 

Integrating over a ^-period, the reaction term in the 

sin (j) 


above expression is ^EI 


CO 


This expression has not 


the dimensions of power, but represents the ‘‘ reactive 
energy " per period. 

Mr. E. C. Lennox also took part in the discussion. 
The substance of his remarks will be found in the report 
of the London discussion (see page 264). 

[The authors’ reply to this discussion will be found on 
page 275.] 


NORTH-WESTERN CENTRE, AT MANCHESTER, 24TH MARCH, 1936 


Mr. J. L. Carr: Some five or six years ago, at the 
International Illumination Congress at Edinburgh, the 
subject of a proposed British Standard Specification for 
street lighting was discussed: this was criticized by the 
American delegates and described as unsatisfactory. It 
was realized at that time that the proposed Specifica¬ 
tion was incomplete; but it represented an initial step 
based upon current experience and knowledge. The 
advances made in the knowledge of the mechanism of 
street lighting since then have been striking; and some 
of the recommendations made by the authors towards 
the end of their paper appear to be suitable for assisting 
in the framing of an improved street-lighting specifica¬ 
tion. A considerable improvement in practice must 
result from the work already done; and it would be 
interesting to compare progress in street-lighting prac¬ 
tice in the United States, and to learn whether investiga¬ 
tions have been taking place there on parallel lines. 

The electrical discharge lamp represents a very 
notable improvement in the efficiency of light produc¬ 
tion : but I think the greatest advantage is in the resultant 
improvement in the knowledge of using artificial light on 
roadways. The improved efficiency, although valuable 
in many cases, is offset to a large extent by the high 
capital and maintenance costs of the equipment. Where 
electrical energy is suppHed at a very low price for street 
lighting, the improved efficiency does not always repre¬ 
sent a very substantial financial gain. The type of lamp 
itself is rather different from what we have been accus¬ 
tomed to, and the fact that it is unstable under certain 
conditions gives rise to a certain amount of apprehension. 
Now that most supply undertakings are connected elec¬ 
trically to a bigger scheme, they are not so immune from 
sudden changes in voltage as previously; and it is rather 
disturbing to consider that important stretches of road 

* H. Rissik, Journal 1933, vol. 72, p. 435. 

VoL. 79. 


may be thrown into sudden darkness because of a 
breakdown at a considerable distance, for which the local 
supply undertakers are not responsible. The somewhat 
complicated relay system mentioned by the authors is, 
in my view, an undesirable complication. Serious con¬ 
sideration should be given to methods calculated to 
improve this somewhat undesirable characteristic. 

A few years ago many electrical engineers advocated 
central suspension of street lamps, an arrangement of 
which I have always disapproved. It is interesting to 
note that, almost from the inception of the discharge 
lamp, central suspension has fallen into disfavour, and 
the advantages of side suspension, from the point of view 
of illumination, have become widely appreciated. 

Mr. A. E. Jepson: At the bottom of page 244 the 
authors refer to the introduction of cadmium and zinc 
into the mercury lamp; has rubidium ever been tried ? 
This element gives a very strong red ray. What is the 
effect on the colour of the illumination when the bluish- 
green light has to pass through red-hot glass ? 

On page 247 the authors refer to the use of a filament 
producing colour modification by the admixture of 
white light." I suggest that this should read " by the 
admixture of a reddish light," for the filament has a 
much greater percentage of red light than the sun, 
and when one is observing these lamps through the outer 
diffusing globe the lower part of the globe certainly 
seems to be yellowish in colour, owing to excess of red 
from the filament. 

I am glad reference is made to the use of tails instead 
of terminals for the chokes, because in certain districts in 
this area verdigris was formed round the terminal bases 
on the first chokes supplied, and resulted in breakdowns. 

Mr. W. Ballard: A year or two ago several designs 
of lanterns were introduced for use with h.p.m.v. 

* A. Russell: “ Alternating Currents,” vol. 1, p. 274. 
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lamps, giving twice the intensity of light in the direction 
of flow of traffic compared with the opposite direction, 
and I should like to know whether it is felt that there is 
any advantage in this system. 

I read in the technical Press not long ago that a patent 
had been taken out for a discharge lamp which, instead 
of having one electrode at the top and one at the bottom, 
would have a group. I find that whereas the average 
life of the mercury-vapour electric discharge lamp is 
guaranteed^ at 1 500 hours by the manufacturers, in 
practice it is considerably higher, I believe that in con¬ 
sequence of introducing these extra electrodes an even 
longer life can be expected. 

With regard to the large diffusing refractor exhibited 
by the authors, I believe it is felt that in industrial 
atmospheres the ribbed exterior surface tends to collect 
dust and dirt. I am pleased to say that, where we have 
tried it in this area, it has kept reasonably clean. 

Mr. J, Sellars: I understand that whereas the light 
from the mercury-vapour lamp is objectionable from the 
point of view of colour, it is capable of improvement 
in this respect; whereas the sodium lamp does not seem 
to present that possibility. I should like to have the 
authors' confirmation on this point. 

On page 253 they suggest that the use of a specially 
designed box, presumably to be erected on the pole, is 

in many ways preferable." In Manchester we began 
with special boxes but have since abandoned them in 
favour of properly-designed bases. Since it is possible 
to have a base so designed as to give proper ventilation 
and convenient clearances, I shall be glad to learn of some 
of the " many ways " in which an excrescence on the pole 
is to be preferred. 

The ability to counteract voltage-drop by the use of a 
suitable tapping on the choke is very valuable, par¬ 
ticularly when comparing different fittings or in¬ 
stallations. 

WMst I am in general agreement with the authors re¬ 
garding the " road surface brightness " theory, I think it 
is a little misleading to state baldly that no light source 
will ever render usefully bright the road surface beyond it. 
That is quite true, but the source may light the object 
one wishes to see, and actually one or two of the authors' 
slides showed that the light beyond the lamp had in¬ 
creased the visibility not on the roadway itself but on 
the footpath. In this connection I would refer to 
motor-car headlights, which are situated beyond the 
driver and illuminate the road beyond themselves. 

The authors' point about the reduction of brightness 
near the kerb where fittings are centrally suspended, is 
an excellent one. In addition, with fittings of this type, 
driving is done, much of the time, towards the shadow of 
the driver's own vehicle, so that the illumination of the 
danger zone near the kerb is still further reduced. 

With regard to the figures for annual charges. I 
should be glad if the authors would state over what 
period the repayment of capital charges is spread. 

Mr. X. H. A, Carr: I regret to note that no serious 
attempt appears to have been made towards the solution 
of the fog problem. The authors' only remedy appears 
to be to increase the intensity of the light sources, which 
must necessarily increase dazzle. I suggest that it is 
only the fact that most motorists use saloon cars, which 


ill effect carry their own dazzle shields for all rays coming 
from above the horizontal, that has prevented consider¬ 
ably more criticism with regard to dazzle. 

The ribbed type of glass shade recommended by the 
authors must, one feels, increase the difficulties of clean¬ 
ing, a very necessary operation in the dirty atmospheres 
of industrial areas. 

I cannot agree with the authors that “ experience has 
shown that in practice the colour has proved no draw¬ 
back," as I have met serious criticisms of the colour of 
the mercury lamp. I feel that there is a certain amount 
of complacency about the paper. It gives the impres¬ 
sion that here is a new development—complete—perfect! 
Surely this paper is only to be taken as a stepping-stone 
towards further improvements in both efficiency and 
colour ? 

Is there any prospect of combining the neon light with 
the mercury light, as the two together cover most of the 
visible spectrum ? 

As a result of spectroscopic experiments during the 
past few days, I can confirm the authors' statement that 
the yellow rays are proportionally stronger in the new 
high-pressure street lamp than in the old low-pressure 
lamp. I should be glad to know the reason for this 
difference. It is certainly bound up with the degree and 
proportion of ionization, gas pressure, etc., but is par¬ 
ticularly interesting in being contrary to the general 
rule for radiation from a solid body, where increased 
energy is accompanied by increased emission towards the 
violet. 

With reference to Fig. 4, it appears that the “ relative 
energy " diagram is multiplied by a curve representing 
the eye's response to various wavelengths in order to 
obtain the diagram of " relative visual intensity." It 
is well known that this curve varies for different strengths 
of illumination, and also that the curves published by 
independent authorities differ considerably. I should 
be glad to know what curve has been used in the prepara¬ 
tion of this diagram, and whether any one particular 
curve has been adopted as a standard by illuminating 
engineers. 

Mr. T. E. Di'ansfield: A very important point which 
has to be taken into account when the application of the 
mercury-vapour lamp for use in busy city streets is 
under consideration, is the frequency with which lamps 
may be extinguished for some 10 or 12 minutes in the 
case of a momentary drop in voltage, due to any disturb¬ 
ance which may occur within the large area served by a 
number of interconnected supply undertakings. 

Mr. C. A. M, Thornton: May I ask the cause (or 
causes) of failure of h.p.m.v. lamps ? It is not obvious 
why they should fail, in view of the fact that they have 
no filament. 

How is the life of the lamps affected by vibration ? 
I do not refer to the small vibration that may be 
present in street-lighting standards, but to the severe 
vibration met with in works equipped with rotating 
machinery. What progress has been made in “the last 
3 years in increasing the life of h.p.m.v. lamps ? 

What physical changes occur during the period of 
extinction prior to restriking ? This period is stated by 
the authors to be 12 minutes, but I believe it is more Hke 
7 minutes. 
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Mr. G. F. Freeman: Witli regard to Fig. 2, I take 
it that the radiation is opaque to its own wavelength, 
and that the variation across the stream is due to the 
fact that the radiation derived from the arc is refracted 
in varying degrees by the curved glass envelope. 

Motorists sometimes complain of the muzzy ” effect 
produced by mercury-vapour lamps; has this anything 
to do with the stroboscopic effect associated with these 
lamps, which is due to the discontinuous nature of 
the discharge ? If so, can it be cured by using a 
higher frequency for street lighting than for ordinary 
lighting ? 

I should be glad if the authors could give some in¬ 
formation as to how the life of these lamps is affected by 
variations in the operating voltage. 

Mr. H. L. Jones: I am interested to see that these new 
lamps are being fitted with standard goliath screw 


holders. There are numerous non-standard plugs and 
sockets on the market, and a similar lack of standardiza¬ 
tion applies to almost every electrical accessory with the 
exception of lamps. Will the lamps described in the 
paper eventually be made to a British Standard Specifi¬ 
cation, and is the globe made by one manufacturer going 
to be interchangeable with the globe made by another ? 
I notice that twelve different types of lanterns are shown 
in the paper; surely one or two could be picked out as the 
best and some sort of standardization agreed upon. 

Apparently the position of these lamps is chosen so 
as to get reflection from the lamps behind the object to 
be illuminated, e.g. the pedestrian or the cyclist. If 
that is so, apparently the motorists' headlamps are 
becoming rather more of a nuisance than they have been 
in the past, inasmuch as they are conflicting with the 
illumination provided by the street lamp. 


THE AUTHORS’ REPLY TO THE DISCUSSIONS AT LONDON, NEWCASTLE, 

AND MANCHESTER 


Mr. G. H, Wilson, Commander E. L. Damant, and 
Mr. J. M. Waldram {in reply ): Before replying to the 
remarks of the various speakers, we wish to give data for 
the latest rating of h.p.m.v. lamp, which was added to 
the range on the 1st April, 1936. 

Whilst this lamp will probably be used more for 


initial value. The intensity distribution can be obtained 
from Fig. 3 in the paper by multiplying the ordinates by 
0*267. A lO-jjiF condenser is usually used for power- 
factor correction, and the losses in the auxiliaries, for one 
manufacturer's products, are 13 watts. 

The electrical characteristics are given in Table B. 


Table B 


Rating of lamp in use 

Mains voltage 
(actual) 
at unit 

Installation without condensers 

Installation with lO-juF condensers 

Maximum 
starting 
current, 
in amps, 
(excluding 
switching 
surges) 

Average running conditions 

Maximum 
starting 
current, 
in amps. 
(excluding 
switching 
surges) 

Average running conditions 

Current in 
amps. 

Power factor 

Current, 
in amps. 

Power factor 

200/210 volts; 150 watts 


200 

2^ 

1*7 

1 

0*45 
^ to 

0*5 

■^4 

1*2 


>• 0-7 

210 


1*7 

1 3 

M 

i 

220 volts; 150 watts .. 

220 

2-1 

1*5 

Ml 

1*0 

0*8 

230 volts; 150 watts .. 

230 

2| 

1*4 


i 

about 

0*5 

If 

0*9 


0*85 
^ to 

0 • 9 

240/250 volts; 150 watts 

1 

240 

21 

1*4 

li 

0-8 

250 

2 

1*3 

1-i 

0-7 


industrial than for public lighting, its dimensions and 
other data are given in order to complete the series. 
The dimensions (see Fig. 1, page 242) are as follows:— 

A = 230 ± 16 mm 
B = 43 ± 4 mm 
C = 140 ±: 10 mm 
D = 86 ± 3 mm* 

An Edison-screw cap is used. 

The initial efficiency is 32 lumens per watt, and the 
average throughout life can be taken as 80 per cent of the 

* Dimension of one manufactur€x*s lamps. 


The reply to the discussion can conveniently be dealt 
with in the order of subjects in the paper. Several 
speakers have referred to the applications of the h.p.m.v. 
lamp outside the field of public lighting. We did not 
describe these other uses, in part because of limitations of 
space, but primarily because, up to the present, the appli¬ 
cation to public lighting has been so much more important 
than any other. In reply to Mr. Crawshaw's question, 
however, the lamps described are also in use for fiood- 
lighting of buildings and for general lighting on aero¬ 
dromes. In these applications the increased efficiency 
over the filament lamp can be used to the fuU. 
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So far as we are aware, the lamps have not been in 
stalled in lighthouses. One probable reason for this is 
that on a hazy night the colour of the lamps appears 
greener than on a clear night, and some confusion might 
be caused on this account. 

The question of standardization has been raised by 
Mr, H. L. Jones. The dimensions and efficiency figures 
given in the papers have been standardized by the four 
principal manufacturers of these lamps in this country, 
but the lamps are not yet the subject of a British Standard 
Specification. 

Several speakers have asked for details of the cost 
estimates given in the paper. It is difficult to give rigid 
cost figures, as they are affected by many variables. For 
example, as a street-lighting installation is frequently fed 
from an ordinary supply network, it is difficult to know 
what proportion of the cable costs should be included. 
Mr. Lennox gives an overall cost figure which he himself 
has found; the figures quoted by us were taken from data 
supplied by various engineers. A typical estimate for a 
400-watt installation with the most expensive type of 
fitting is made up as follows:— 

Capital cost of installation of 400-watt 
lamps, 35 per mile .. .. .. £1 200 


Writing off capital in 10 years gives 

annual charge as .£120 

Energy for 35 lamps at f d. per unit (all- 
night lighting 4 000 hours per annum) £186 
Lamp replacements at 1 500 hours' life 
(all-night lighting 4 000 hours per 
annum) .£140 

i -- 

£446 per mile. 

The capital cost includes the cost of fittings, poles, 
service cables, erection, wiring and jointing, together 
with a proportion of the cable cost. No charge has been 
included for maintenance, which wouM be from £50 to 
£100 per annum. 

The relative costs of light as produced by h.p.m.v. and 
filament lamps will depend on the price of energy, as Mr. 
Rigg suggests. Comparing the 250-watt discharge lamp 
with the 500-watt filament lamp, we agree substantially 
with Mr. Rigg's figures if they are based on the list price 
of the lamps. The price of lamps to lighting authorities 
is usually below the list price, and the cost of energy needs 
to be down nearly to |d. a unit for the cost per lumen 
from the two sources to be the same. This calculation 
includes, as an annual charge, ^th of the capital cost of 
the choke and condenser in the case of the discharge lamp, 
and assumes a common all-night street-lighting burning 
period of 4 000 hours per annum. It is still the exception 
rather than the rule for the energy cost for public lighting 
to be below |d. a unit, and so the h.p.m.v. lamp usually 
shows a marked economy. 

Many speakers have referred to points of design, and to 
the characteristics of the new lamps. On the question of 
efficiency, we have not ourselves found such high efficiency 
figures for street-lighting arc lamps as those quoted by 
Prof. Marchant. Our own tests on a modern flame-arc 
street-hghting lantern complete (such an arc cannot be 
burned effectively in the open) showed it to have an 


efficiency of 22 lumens per watt. (1-75 candles per watt), 
neglecting losses in the series impedance, and this com¬ 
pares unfavourably with the figure of about 30 lumens 
per watt for a complete h.p.m.v. street-lighting unit, 
again neglecting losses in the impedance. 

On questions of manufacturing technique, the use of 
oxygen in the outer bulb is referred to by Prof. Marchant 
and Mr. Duckworth. The process by which the oxygen 
reduces the blackening on the inner bulb is not under¬ 
stood. It is of interest, however, that many other gases 
do not produce the same valuable result. Mr. Duck¬ 
worth asks for some further information on construction. 
We were not specific on these points, as details of con¬ 
struction are likely to be varied from time to time. For 
the electrodes, sintered rods of the alkaline-earth sili¬ 
cates, particularly barium silicate, are usually employed 
and the rare-gas filling is commonly argon. The pres¬ 
sure of the gas at starting is only a few millimetres of 
mercury, but when fully run up is about an atmosphere. 
This answers the question raised by Mr. Elkington. 
During the period of extinction prior to restriking, the 
lamp cools, mercury condenses, and the pressure falls. 
When it has reached the order of a few millimetres of 
mercury, the lamp restrikes and the running-up cycle is 
repeated. The time to restrike for a bare lamp in air at 
normal temperature was given in the paper as 3 minutes, 
not 12 minutes as Mr. Thornton suggests. 

Reference has been made to the expense involved in 
waiting for the lamp to run up before extinguishing 
when testing. This is a just criticism. It is probable, 
however, that the time allowance necessary will be re¬ 
duced as the factors affecting this phenomena are better 
understood. 

The arrangement of one electrode with its axis vertical 
and the other with its axis horizontal, as shown in Fig. 1 
’of the paper, is that used by one manufacturer. The 
conditions at the top and bottom of the lamp are not 
necessarily the same, and the arrangement of electrodes 
shown is sometimes preferred, although it is not uni¬ 
versally adopted. 

Mr. Cator asks about the support for the inner bulb. 
Although the wire spider is probably not more effective 
than the earlier “ carriage-spring " support, it is the more 
satisfactory when ease of manufacture and economy are 
taken into consideration. 

In reply to Mr. Thornton, the end of lamp life results 
from failure to strike or to run up. The principal aim of 
the manufacture during the past three years has been 
not so much to increase the average life of the lamp as 
to improve its uniformity. It is a common experience 
with any new lamp for the proportion of early failures to 
be much higher when the lamp is first developed than 
when it is has been established for a year or two. The 
h.p.m.v. lamp has proved no exception to this rule. In 
reply to Mr. Lennox and Mr. Thornton, vibration has not 
generally caused trouble with the h.p.m.v. lamps, which 
are, if anything, stronger than filament lamps of the same 
output. It has been necessary to locate the far end of 
the lamp in certain horizontal-burning lamps in flood¬ 
lights, but only to ensure accurate positioning relative 
to the magnet. 

With regard to the characteristics of the lamps, such 
data as are available on th^eflectof variations in operating 
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voltage on life, a point raised by Mr. Freeman, indicate 
that the effect is less than with filament lamps. In an 
extreme case of overload, catastrophic failure can occur 
as with filament lamps, but it is assumed that Mr. 
Freeman is referring to normal voltage fluctuations. 

It does not appear to be possible to define an optimum 
starting temperature in the way Mr. Cator has done. 
Although we have not obtained a curve connecting 
ambient temperature with striking voltage, it would un¬ 
doubtedly have the form suggested by Mr. Cator. But 
the lowest point of this curve has no connection with the 
time to run up. On a normal circuit the voltage avail¬ 
able for striking the lamp is constant, and the most rapid 
run-up will occur when the ambient temperature is such 
that the corresponding striking voltage is equal to the 
voltage available. 

Two questions have been asked on the radiation from 
the luminous column. In reply to Mr. L. H. A. Carr, 
increasing the pressure of the mercury vapour increases 
the proportion of changes over the energy-levels which 
correspond to the emission of the yellow-green lines. 
The phenomenon of radiation in these lamps is different 
from that of thermal radiation, and would not, therefore, 
necessarily change in the same way with increased energy 
input. The chief reason why the brightness of the arc is 
greatest at the centre is that the excitation is greater there 
than at the edges. The arc width is a small proportion 
of the diameter of the inner bulb, and the refraction 
effect mentioned by Mr. Freeman would scarcely be 
noticeable. 

The question of the colour of the light often invites 
discussion: we are glad to have the confirmation of 
several speakers that it is unimportant in street lighting 
and even, as Mr. Long remarks, in industrial lighting. 
In this connection we would refer Mr. L. H. A. Carr to 
Mr. Lennox's remarks. In reply to Mr. Jepson, rubidium 
is unsuitable for correcting the colour, since, although its 
spectrum shows strong red lines, it would not be excited 
under the conditions occurring in the lamp, and the 
efficiency would be low. For a similar reason, neon 
cannot be used in the lamp as Mr. L. H. A. Carr suggests. 
The question has been explained by Ryde.* 

While the question of colour correction by different 
means is being actively studied at present, in our view 
it is unlikely that corrected lamps will show a real 
advantage over the uncoirected lamps, for street lighting, 
for some time to come. The methods so far attempted 
either reduce the luminous efficiency or make lanterns 
less efficient, or both. We agree with Mr. Sellars that 
there is little hope of materially improving the colour of 
sodium lamps. 

In reply to a further question by Mr. Carr, the relative 
visibility curve used in deriving the '' relative visual in¬ 
tensity " from the '' relative energy " is the mean curve 
which has been internationally agreed for some years.f 

The question of fog is dealt with in the paper to the 
extent to which it is relevant. The light from the 
h.p.m.v. lamp penetrates fog neither more nor less than 
that from any other lamps, and it is unlikely that any 
startling solution to that problem will be forthcoming, 
for no visible radiation will effectively penetrate dense 

* Journal of the Royal Society of Aiis^ 1933, vol. 82, p, 624.^ 

t Proceedings of the International Commission on llluminationy 1924, p. 6 7. 


fog. Good reports have been received of h.p.m.v. 
installations in fog, as Mr. Lennox confirms. 

Several speakers refer to the possibility of peculiar 
visual or physiological effects being brought about by the 
radiation from the lamp, and suggest explanations. For 
the most part the suggestions made cancel out; this is to 
be expected, since experiments^ and experience both 
indicate that there is no material difference in ability to 
see in streets between light from tungsten, mercury, or 
sodium lamps. Most of the effects mentioned, such as 
change of visual acuity, chromatic aberration, diffraction, 
etc., are insignificantly small under street-lighting 
conditions. 

Mr. Riley's suggestion that it is difficult to focus 
objects seen against a bright background seems contrary 
to all experience; it is only necessary to instance the 
visibility of black print on white paper, or of objects 
seen against the sky. We are unable to follow his sug¬ 
gestion that objects on the skyline cannot be focused." 
Perhaps his suggestion arises from some confusion of 
terms. While it is difficult to adduce definite evidence, 
it seems likely that many of the reported effects men¬ 
tioned are due to the distribution or intensities employed, 
as Mr. Lucas suggests, coupled with atmospheric effects. 
In comparing two installations it is almost impossible to 
separate effects due to the intensity and brightness dis¬ 
tribution, etc., from those, if any, due to the physical 
properties of the radiation. There have been very few 
complaints of glare from h.p.m.v, installations of the 
type described in the paper: where they have occurred 
the glare has usually been traceable to local circum¬ 
stances which had resulted in a very low road surface 
brightness, or to the few individuals who are unusually 
susceptible to discomfort glare. 

Some discussion has centred round other methods of 
stabilizing the discharge than by means of a choke. 

Prof. Marchant suggests the interesting possibility of 
using a ballast resistance consisting of an iron wire whose 
high temperature-coefficient of resistance would give an 
almost vertical voltage/current characteristic. Con¬ 
sideration of Fig. 6 will show that, although this type of 
curve gives good stability at either the starting or the 
running point, it cannot pass through both the points 
R and S. In practice, therefore, two such resistances 
with a change-over switch would be necessary. This 
arrangement is, in fact, similar to that used in the com¬ 
posite h.p.m.v. and tungsten-filament lamp referred to on 
page 247. Another suggestion which has been made 
from time to time is that a condenser should be used 
instead of the choke. Mr. Lucas mentions reasons why a 
condenser cannot be used successfully in this way. The 
reason is interesting, although economic considerations 
rule out the practicability of using this arrangement. 

Many points have been raised on those characteristics 
of the lamps which affect their performance on a street¬ 
lighting network. 

With regard to the switching sui*ge, it is not possible 
to add any more useful data to that already given on 
page 252. The important practical point is that the 
switching characteristic of the modern h.p.m.v. lamp 
has no deleterious effect on switchgear of the sizes 
recommended. 

* K. M. Reid and H. J. Chanon : General Electric Review, 1935, vol. 38, p. 580. 



278 


WILSON, BAMANT, AND WALDRAM: THE HIGH-PRESSURE 


Some criticism is levelled by Mr. Macdonald at the 
suggestion that it was in order to load the supply cables 
for a short period to a value in excess of the full-load 
current rating. The normal full-load rating is usually for 
continuous operation, and is based primarily upon 
temperature considerations. A cable has an overload 
capacity like most other electrical apparatus, and it seems 
reasonable to suppose, therefore, that the suggested over¬ 
load on starting-up h.p.m.v. lamps, taking place once a 
day for a matter of a few minutes, would not have a 
deleterious effect upon the cable. 

Various speakers have raised the question of voltage- 
drop in distribution networks. It is pointed out by Mr. 
Macdonald that in the vast majority of cases the size of 
cables is limited by the permissible voltage-drop at the 
farthest unit rather than by the current-carrying capacity 
of the cables. For this reason an advantage may be 
claimed for the h.p.m.v. lamp as compared with the 
tungsten-filament lamp, because the wattage of the 



and 255, the low power factor under starting conditions 
results in a voltage-drop less than that under running 
conditions. The suggestion that hunting might occur 
on starting, owing to the starting current giving a voltage- 
drop greater than that permissible, may safely be dis¬ 
counted for this reason. In practice, a cable chosen to 
give, at the farthest post under running conditions, a 
voltage greater than the minimum on page 254, will 
ensure satisfactory operation as regards striking and 
power factor. Further, with the rating on such a basis, 
the normal voltage at the post will usually be within the 
voltage range of the choke tappings. 

An harmonic analysis of the current curve has not been 
made, but, for the information of Mr. Elkington, typical 
curves are given in Fig. B for starting and running 
conditions. 

We are unable to agree with Mr. Dickinson's suggestion 
that Fig. 9 could be plotted with “ phase angle " as 
abscissa. The conception of angular displacement, as 
with that of vector quantities, applies only to sinusoidal 
variations, and the variations with which one is dealing 
here are not sinusoidal. The values shown in Fig. 9 as 
power factor " are the time values of the ratio 
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Fig. B,—Current and voltage wave-forms of 400-watt 

h.p.m.v. lamp. 

(а) Lamp voltage. 

(б) Lamp current. 

h.p.m.v. lamp may be adjusted to the rated value by 
means of the adjustable choke. The limitation is the 
minimum voltage at which the h.p.m.v, lamp will strike 
with certainty. The values given on page 254 may be 
taken as safe conservative values, although higher 
values as suggested by Mr. Lennox are possible in some 
circumstances. 

In extreme cases, where existing cables of high re¬ 
sistance must be used, the use of an h.p.m.v. lamp of low 
voltage rating will overcome the trouble (for example, a 
220-volt lamp could be used on a supply'varying from 
230 volts at the supply end to 200 volts at the farthest 
end), but the disadvantage of a lower power factor will 
then appear. 

In reply to various questions on the calculation of 
voltage-drop, it can be said that calculations based on the 
assumption of a sinusoidal wave-form at 50 cycles per sec. 
and a power factor under running conditions, as given in 
Table 2, will give values quite sufidciently accurate to use 
in the choice of cable size. As pointed out on pages 254 


and cannot be pictured as the cosine of any angle. 

Two points have been raised on installation practice. 
Mr. Lennox mentions one difficulty he has experienced 
in the earthing of street-lighting poles. One can fully 
appreciate the possibility of a pole becoming alive under 
faulty conditions in such circumstances, and the chances 
naturally depend upon the rating of the fuses used. But 
the h.p.m.v. lamp is in this respect no worse than a 
tungsten-filament lamp of the same light output. For 
example, a 400-watt h.p.m.v. lamp and a 1 000-watt 
tungsten-filament lamp must each be fused to carry 
about 5 amperes, in the first case for only a few minutes, 
but in the second continuously. The problem is one 
which can never be completely solved, except by a 
special earth continuity conductor run back to a really 
efficient earth, or the extravagant use of earth-leakage- 
trips. 

The second point was raised by Mr. Sellars in con¬ 
nection with the comparative advantages of boxes and 
pole-bases as a housing for auxiliaries. From the 
manufacturers' point of view, a well-designed box can 
make the housing of these important units definitely 
satisfactory, whereas the design of poles—particularly if 
an existing installation is being converted—may make 
them far from suitable. 

Problems of light control have been raised by Mr. 
Maxted and Mr. Lucas, The reference in the paper to 
horizontal prisms used with a vertical lamp was con¬ 
densed, and applied to prisms designed to redirect flux 
emitted above the horizontal, as is done with refractors 
for filament lamps. The lanterns shown in Figs. 16(a) 
and 16(^) also use some horizontal prisms with good 
effect, apparently in the same way as in the lantern of 
Fig. 19, but fight is allowed in both lanterns to escape 
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above the horizontal, and cannot apparently be re¬ 
directed through any material angle without the bad 
effects recorded in the paper. The question of utilization 
of flux, mentioned also by Mr. Cator, is considered to be 
of secondary importance compared with the distribution 
of intensity, inasmuch as it is quite easy to increase the 
utilization and yet to decrease the effectiveness of the 
lighting; and conversely to improve the appearance, 
brightness, and visibility, while reducing the utilization. 
The latter is therefore of importance only when the 
intensity distribution has been decided on other grounds. 
Consequently we do not attach much importance to the 
iso-foot-candle diagram referred to by Mr. Cator, for a 
high utilization is no guarantee of a good result. It can 
be agreed that the horizontal-burning lamp allows much 
more exact control of the distribution in vertical planes, 
and for that reason has an advantage; but with the dis¬ 
tribution which we prefer the horizontal lamp with suit¬ 
able redirecting equipment was found to put only 10 per 
cent more light on the road than the vertical lamp in 
suitable equipment. The difference between Mr. Max- 
ted's figures and ours is entirely due to the difference in 
distribution; with the type of distribution given by the 
lantern of Fig. 21, figures were obtained in agreement 
with his. The main difficulty with lanterns for horizontal¬ 
burning lamps is the extra complication, for they have to 
be made very accurately in order to ensure both the cor¬ 
rect light distribution and the correct operation of the 
magnetic control. Mr. Maxted makes the case for the 
series magnetic deflector used with horizontal-burning 
lamps seem worse than we think it is. The series magnet, 
with tappings for the various lamp-voltage ratings, is in 
use and is perfectly satisfactory in practice. Moreover, 
the windings are of heavy-gauge wire and unlikely to 
break, and either a break or a fault to earth on the 
magnet, if wired on the phase side, merely extinguishes 
the lamp without damage. This cannot be said for other 
circuits which have been proposed. The flexibility of 
light control with the horizontal lamp is rather a mixed 
blessing; there are many reasons for choosing a lantern 
with a good distribution without sudden peaks or cut¬ 
offs, which does not require or possess focusing adjust¬ 
ments, and is consequently not easily deranged. 

In reply to Mr. Ballard, the bi-as 3 ^mmetric '' distri¬ 
bution was tried in the earlier lanterns, but its real ad¬ 
vantages have not proved to be material. Mr. Davies 
has kindly pointed out an unintentional claim to omni¬ 
science in regard to light distributions; this has been 
altered for the Journal, 

In reply to Mr. Cator, the width of the bright areas is 
determined (for a given surface) by the intensity near 
85°, but not by the width of the distribution. A wide 
"'peak'' to the distribution ensures that large bright 
areas will be formed when the lantern is viewed over a 
wide range in plan, but it does not alter the actual width 
of the bright areas. He mentions also the relative merits 
of refractors and reflectors. Their photometric efficiency 
is only one of several important practical features. For 
the type of distributions required in street lighting, a 
reflector, if it is to control much light flux, must be made 
very large, or else must be subdivided (see Fig. 21). 
Furthermore, it is much more sensitive to variations from 
sample to sample; it is also more difficult to make to 


fine limits than a refractor, and it requires much more 
accurate assembly than a refractor. It is also rather less 
permanent. On the whole, therefore, good refractor 
lanterns are often simpler, cheaper, and more reliable, 
than good reflector lanterns, although their components 
are more complex to design, more expensive to make, 
and less efficient. We value particularly the remarks of 
Mr. Balmain, to whom, with his colleagues, the pro¬ 
duction of several of the refractors discussed in the 
paper is due. 

In reply to Mr. L. H. A. Carr, the cleaning of a well- 
designed refractor is not difficult; that of the lantern of 
Fig. 20 is specially designed for easy cleaning and low 
losses due to dirt; Mr. Ballard confirms that the attendants 
find no trouble with them. In reply to Mr. Wadsworth, 
the collection of dirt by lanterns varies enormously with 
the state of the atmosphere, and is particularly high in 
foggy weather. It is much less with non-ventilated 
enclosed lanterns than in open or ventilated lanterns. 
The presence of slight mist also greatly varies the ap¬ 
pearance of the installation in a way which is not yet 
understood. 

Col. Edgeworth's suggestion for the use of plane mirrors 
is interesting, and had in fact occurred to us in our early 
designs.* The trouble is, as will be seen from Coh 
Edgeworth's sketch, that for a good distribution the 
fitting becomes impracticably large. The smallest of his 
fittings would be 4 ft. long, and the largest, following his 
sketch, would appear to be 10 ft. long, assuming a light 
column 3 in. long. The actual light column of a 400-watt 
lamp is 6 in. long, so that these figures would be doubled. 
Reasonable size can only be obtained at a sacrifice of the 
distribution. 

The last section of the paper, dealing with new prin¬ 
ciples of street lighting, has caused much comment. 

In his reference to continuous lighting," Prof, 
Marchant has given us a happily chosen phrase which 
expresses exactly the effect which we have attempted to 
produce in the street. Mr. Riley queries the validity of 
the statement that good visibility can be obtained when 
objects are in dark silhouette, but practically all investi¬ 
gators in this field are now agreed on this point, as was 
evident from the discussions in Berlin at the Inter¬ 
national Commission on Illumination in 1935. Direct 
experiment has established beyond question that visi¬ 
bility of objects increases with increasing contrast, over 
the range encountered in vision in streets. We agree 
that a very bright carriageway appears to accentuate a 
dark footpath, but the practical effect of this on safety 
is not certain. If it proves to be important, the solution 
lies, of course, in making the footpath or other back¬ 
grounds adequately bright. Mr. Crawshaw’s suggestion 
of -white bevelled kerbs is valuable. Mr. Sellars rightly 
points out that the sources may render bright the footpath 
for a short way beyond them. They may also, as he 
says, illuminate the object which it is desired to see; 
but this cannot be regarded as an advantage, for the 
reasons given in the paper. He also instances the 
motor-car headlight; and a comparison of the intensity 
of a pair of headlights—50 000 to 100 000 candles or 
more-—with the 3 000-6 000 candles of a street-lighting 
fitting is confirmation of this point. As Mr. H, L. Jones, 

* Britisli Patent No. 405425. 
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points out, headlamps tend to conflict with street lighting 
by revealing objects in a different way. 

We appreciate Mr. Lennox’s and Mr. Davies’s support 
of the contention that careful planning is essential, 
and that it cannot be done only on the drawing board; 
and we concur with the remark concerning the light¬ 
ing of the junctions of side roads for the benefit of 
main-road trafiSc. The 150-ft. spacing referred to by 
Mr. Lennox is a desirable limit, but is perhaps the least 
important of the figures suggested for the optimum 
installation. We agree with him that on some roads 
quite a good installation can be made with greater spac¬ 
ing, but suggest the limit of 150 ft. for the reasons given. 
It has not been found that materially less overhang is 
required on a concrete road as compared with an asphalt 
road as Mr. Lucas suggests; in our experience a concrete 
road takes a surface sheen analogous to that on asphalt 



they do, its determination is difficult; the 5° rule ” is 
probably the most helpful line of attack. 

Mr. Lucas suggests that on curved roads the im¬ 
portance of long, wide, bright areas is lost, and fairly 
high intensities near the horizontal lead only to glare in 
such situations. Possibly he has in mind a very severe 
and long bend, in which some of the units in the middle 
of the bend can only be seen at close range. But such 
bends do not occur in the street shown in the film, and 
are very rare in practice. In a street 200 ft. is a sur¬ 
prisingly short distance. In the very winding road shown 
in the film, the lamp which is most concealed by the bend 
(shown at A in Fig. C), can usefully operate for 300 ft. in 
one direction, and 450 ft. in the other. In Fig. 26(6), Plate 4, 
the farthest source operates usefully at 300 ft. distance, 
using light up to 85° from the vertical. For another 
source, the figures are 370 and 450 ft.: all the remainder 


when worn by traffic, and much the same treatment 
seems to be called for. 

Prof. MacGregor-Morris and Mr. Frost query the 
wisdom of placing sources on the outside of a bend. We 
cannot agree with Prof. MacGregor-Morris’s argument, 
because the road ahead of a car is always bright by reason 
of sources ahead of, not behind, the driver. Conse¬ 
quently the car cannot cast shadows as his colleague 
suggests. Had this efiect occurred, it would have been 
apparent in our film, which was taken from a car. If 
sources are placed on the inside of a bend, the near side 
of the road for vehicles on the outside of the bend, and 
the offside for vehicles on the inside, is left dark, particu¬ 
larly in wet weather; if they are properly arranged on 
the outside, both kerbs are shown up well. The film 
showed, among other things, the efiect of too great a 
spacing of sources on a bend, in which case dark regions 
are left on the kerb on the outside of the bend. In reply 
to Mr. Cator, the 5° rule ” will best indicate when the 
normal staggered arrangement should be abandoned. 
Roads seldom conform to a regular curvature, and, if 


can usefully work at much greater distances. The 
sources which happened to show up the pillar box and 
the pedestrian, have other work to do at much longer 
ranges. In our view it is particularly important that the 
bright areas on a bend should be long, because, owing to 
the bend, each is seen separately and is not helped by 
nearer sources. If there is a cut-off the bright areas are 
curtailed, and the effect is marred, especially in wet 
weather. 

It is true, as Mr. Lucas suggests, that still photographs 
cannot tell the whole story of a street-lighting installa¬ 
tion. The film is better, but still in some ways imperfect. 
But controlled photographs can record very well some of 
the impressions gained on an inspection, and as such are of 
value to the experienced observer. Probably there is no 
branch of engineering in which a complete record of 

everything of importance can be obtained by a single 
means. 

We have carefully studied the ''cut-off” system, 
mentioned also by Mr. Long and Mr. Riley, and have seen 
some excellent examples of its application, both in this 
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country and abroad, but we remain of the opinion that, 
on the whole, the system which is advocated in the paper 
gives^ the better results. The cut-off system was not 
mentioned in the paper because it is not usuallv employed 
with h.p.m.v. lamps. 

Mr. Lennox and Mr, J. L. Carr criticize the British 
Standard Specification for street lighting, and it must be 
admitted that in its present form it does not take into 
account the more recent developments in the art. But it 
is a very much simpler matter to suggest one good way 
of lighting a street, as has been done in the paper, than 
to draw up a fair and simple specification which will 
admit all good ways and restrain all poor ways. The 
care and thought which have gone into the existing 
specification are not obvious on reading its clauses; and 
the Committee is continually engaged in revision. It 
would perhaps be fair to say that none of the critics of the 
Specification has yet been able to propound a better one. 
Mr. W. J. Jones's suggestions—^which do not of course 
propose to cover the same ground as the B.S. Specification 
—are very interesting. It is noted that the B.E.D.A. 
Committee has specified the bare lamp output per unit 
area of carriageway. In the proposals which we gave, 
reference was made rather to the output of each individual 


source, as determining in part the bright area associated 
with it. The specification of generated lumens per sq. ft. 
of carriageway might be taken to imply that if the 
carriageway width were doubled the proper course would 
be to double the power, or else the number, of the sources, 
which, it is felt, might well give a very bad result. In 
reply to Mr. H. L. Jones, we feel that to specify lantern 
globes at present would be to restrain progress. Since 
lanterns and globes are designed together, there seems 
little reason for interchangeability. While we can 
sympathize with the difficulties of the B.S.I. Com¬ 
mittee, we look forward to the time, which may not 
be far distant, when it will be possible to set out, on 
sounder principles than rules of thumb, the exact position 
of each source, and specify its output and distribution, 
and then proceed as engineers to provide the distribu¬ 
tions and locate the sources in those positions. 

Finally, we would refer to the position of street lighting 
in this country, mentioned by Mr. W. J. Jones, Mr. 
Davies, and Mr. J. L. Carr. There seems little doubt, as 
Mr. Jones and Mr. Davies have said, that Great Britain 
can be said to have established a lead over other countries. 
It is to be hoped that tliis progress in the lighting of 
highways to an adequate standard will be continued. 



GENERATION AND ABSORPTION OF GAS IN INSULATING OILS 
UNDER THE INFLUENCE OF AN ELECTRIC DISCHARGE* 


By G. W. NEDERBRAGT. 

[Paper first received 9th October, 1935, and in final form 2Uh January, 1936.) 


SUMMARY 

It is known that insulating oils may give off gas, chiefly 
hydrogen, under the influence of an electric discharge. This 
generation of gas is particularly marked in the case of oils 
which have been exhaustively refined to make them more 
resistant to oxidation. In this paper an attempt is made to 
discover to what extent the generation of gas of refined oils 
can be suppressed by the addition of relatively small quantities 
of aromatics. Insulating oils always have a more or less 
extensive boiling range. If it be desired to have a slight 
tendency to generate gas, with a relatively small percentage 
of aromatics, it is important that the aromatics present should 
be of the lowest boiling constituents. 


INTRODUCTION 

If insulating oils are exposed to the effects of an 
electric discharge through a gas, marked changes are 
found to take place in the composition of the oil. Owing 
to this phenomenon electric discharges play an important 
part in cable deterioration. The discharges occur in 
bubbles of gas between the layers of paper, in the working 
high-tension cable. The presence of these bubbles may 
be due to the fact that when the cable was filled it was 
not sufiflcientiy impregnated. They can also be formed 
by shrinkage of the oil during cooling after the cable has 
been strongly charged, if the oil cannot flow in rapidly 
enough through the paper, so that local vacuum occurs. 
The effect of the discharge in a bubble of gas upon the 
surrounding oil gives rise to the formation of cable wax, 
a high molecular product found in all deteriorated cables. 
The formation of this wax is accompanied, however, by 
generation of hydrogen. This makes the bubble of gas 
grow larger, which finally leads to breakdown of the 
cable. 

Mineral oils, which difier considerably in composition, 
also behave very differently in an electric discharge. 
In the literature on the subject, data with regard to 
several hydrocarbons may be found. S. C. Lind and G. 
Glocklerf applied silent discharge to ethane and ethylene; 
gaseous, liquid, and solid hydrocarbons were formed, and 
also hydrogen, but ethane gave greater quantities of 
hydrogen than ethylene. Other investigatorsJ found 
polymerization with the formation of little or no 
hydrogen in the case of benzene and naphthalene. 
C. S. Schoepfle and L. H. Connell§ examined cable oils by 
bombardment with rapid electrons, which developed a 
product greatly resembling cable wax; at the same time 
hydrogen was formed. The amount of hydrogen formed 


increased with the degree of refining of the oil. C. S. 
Schoepfle and C. H. Fellows,f continuing these experi¬ 
ments, found that, of pure hydrocarbons, ai’oniatics 
formed the least gas and saturated hydrocarbons the 
most. 

In view of these results it is clear that the nature of 
the oil greatly affects the reactions that take place in the 
bubble of gas. If the oil is highly refined, and hence of a 
strongly saturated character, then owing to the discharge 
a great deal of hydrogen is separated from the molecules 
of oil and the bubble of gas grows larger. On the other 
hand, the presence of aromatics and olefines can cause an 
oil to show a slighter tendency to separate off hydrogen. 

In this paper the results are given of an investigation 
into the influence of slight additions of aromatic sub¬ 
stances upon the generation of gas in an oil. As the 
object of the research was to examine a large number of 
additions and their influence on various oils, a method was 
evolved which made it possible to determine quickly the 
gas generation of a sample. In a number of determina¬ 
tions the quantity of gas separated off was measured as a 
function of the duration of the discharge, in a discharge 
tube in which there was only gas of low pressure over the 
oil. These experiments were supplemented by others, 
using a gas pressure of 1 atmosphere. Both kinds of 
determinations were necessary, as the pressure in the 
bubbles of gas in a cable can have very divergent values. 
According to Dunsheath's recent paper,:]: Flirschfeld, 
Meyer, and Connell measured, in a solid cable, pressures 
ranging from 6 atmospheres down to zero. The tem¬ 
perature of the cable, and the resistance of the paper to 
the expanding or shrinking oil, greatly affect local pres¬ 
sure. A discharge takes place the most easily in the 
bubbles of gas under reduced pressure, 

MEASUREMENTS UNDER REDUCED PRESSURE 

Apparatus 

For the measurements under reduced pressure the dis¬ 
charge tube of Fig. 1 was used, containing at the bottom 
the oil under test (in general 25 cm^). The discharge 
tube was placed in an oil bath. With a Gaede pump the 
pressure in the tube, exclusive of the oil vapour-pressure, 
was reduced to 1 mm of mercury. Next, the tin-foil 
coatings were subjected to an alternating potential. 
Outside tin-foil coatings have an advantage over 
electrodes placed inside the tube in that no carbonization 
takes place at the former. 

On its way from one tin-foil coating to the other the 
current passes through the glass as a displacement 
current, then as an electron and ion current through the 

t See Bibliography, (6). j jud., (6). 


Comxuttee invite written communications, for consideration 
21 view to publication, on papers published in the Journal without being 
c ^ a meeting. Commumcations (except those from abroad) should reach 
me Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 

t See Bibliography, (1). X Ibid., (2), (3). § Ibid., {4). 
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Fig. 1.—Discharge tube for investigating generation of gas 
by cable oil under influence of glow discharge. 
Cross-hatched area is the part covered by tia-foil. Dimensions in millimetres. 



Fii§. 2.—Gas generated by various oils : temperature about 

20° C. 

(a) Oil A (highly refined spindle oil). (&) Oil B (refined spindle oil). 

(c) Spindle-oil Edeleanu extract. 


gas space, and finally again through the glass. A. small 
,portion of the current passes through the glass where this 
is covered with oil and therefore also passes through the 
oil as a displacement current. 

As a frequency of 7 500 cycles per sec. was available, a 
fairly strong current could be maintained in the dis¬ 
charge tube, even with the outside electrodes. The 
current strength generally applied was 25 to 50 mA, at 
which value it was easy to make the determinations. 
After only a few minutes, difierences in gas generation 
were noticeable between oils of a difierent nature. Above 
some oils the pressure rose rapidly, above others slowly, 
or not at all. In the part of the discharge tube not coated 
with tin-foil, striae were visible at the lowest pressures, 



Fig. 3.—Oil D (pamfinum liquidum) at various temperatures 

and currents. 

(а) 8S° C., 45 mA, 7 500 H. 

(б) 32^^ C„ 60 mA, 7 500 H. 

(c) 33® C., 30 mA, 7 500 H. 

Volume of oil «= 100 cm3. 

perpendicular to the axis of the tube and the surface of 
the oil. These became fainter if the pressure increased, 
and they finally disappeared altogether. 

In Fig. 2 the increases in pressure above two highly 
refined spindle-oils and a spindle-oil Edeleanu extract are 
compared by plotting the pressure read from the gauge 
as the ordinate against the time of passage of the current 
as the abscissa. For 48 ininutes the oils were subjected 
to a discharge of 25 mA, and then the strength of the 
current was increased to 50 mA, The temperature given 
in the Figure is that of the oil bath. 

Results 

Fig, 2 shows the great difierence between the behaviour 
of oils of difierent composition. Whereas above the 
highly aromatic Edeleanu extract the pressure scarcely 
increased at all, it rose very markedly over the raffinates. 

Figs. 3, 4, 5, and 6, show the infiuence of a second factor 








Pressure, in mm of mercury 
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0 6 12 18 24 30 


Time, in minutes 
Fig. 4 

Temperatiure about 22® C., discharge current 25 mA, volume of oil 25 cm3 

in each case. 



Time, in seconds 


Fig. 5 

W w liqmum + 10 per cent 

(c) IfaSSdilddeLI; exS?“‘ 

All tests at 60 mA, about 20° C., and 7 500 H. 


of importance, namely the volatility. The generation of 
gas may take place in two different ways: (< 2 ) Owing to 
the discharge, the liquid molecules are destroyed, part of 
the fragments being volatile, (b) Owing to the discharge, 
oil molecules are demolished in the gas phase. The gas 
phase is then no longer in equilibrium with the liquid. 
This will then supply further molecules to the gas phase, 
where they are in their turn demolished. It is clear that 
in process (b) the volatility of the oil is an important 
factor. Figs. 3 to 6 show that process (Z?) plays an 
important part in the generation of gas in the apparatus 
of Fig. 1, for the following reasons: (1) The gas genera¬ 
tion of paraffinum liquidum is accelerated by increasing 
the temperature (Fig. 3). (2) The gas generation of 
various paraf&nic hydrocarbons is greater the higher the 
volatility (Fig. 4). (3) The gas generation of an Edeleanu 
extract from a spindle-oil distillate is only slightly in- 



0 6 12 18 24 30 36 42 48 

Time, in minutes 

Fig. 6. Oil C (highly refined): 25 cm®, 25 mA, temperature 

about 20° C. 

O No admixture. 

• With 5 per cent tri-isopropyl naphthalene. 

A With 0 • 5 per cent benzene. 

X With 1 per cent toluene. 

□ With 5 per cent tetraline, 

fiiuenced by the addition of 10 per cent of paraffpiitmi 
liquidum, but is greatly accelerated if 10 per cent of a 
much more volatile product is added (gasoline B.P. 
141 —160° C., see Fig. 5). The slight influence of the 
10 per cent of paraffinum liquidum on the gas generation 
is attributable to the fact that neither the gas phase nor 
the ^ liquid phase undergoes a radical change by this 
addition. When, on the contrary, 10 per cent of gasoline 
is added, a gas phase rich in gasoline vapours is formed 
above a liquid which still consists largely of the original 
extract. According to explanation (&), a strong gas 
generation may therefore be expected, which, however, is 
less strong than above 100 per cent of gasoline, as the 
vapour pressure is substantially lower. (4) The genera¬ 
tion of gas by a non-aromatic is hardly influenced by a 
low percentage of an aromatic of the same volatility, 
but is, on the contrary, greatly reduced by the same per¬ 
centage of a more volatile aromatic (Fig. 6). 

By the addition of a low percentage of more volatile 
aromatic there is formed above the refined oil a gas phase 
in which the percentage of aromatic is much higher. 
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During the passage of a discharge a mixture is formed of 
aromatics, oil molecules, and demolition products. 
This mixture will polymerize quickly. If the vapour 
phase consists only of oil molecules, as is the case above 
the oil without the addition, the tendency to polymeriz¬ 
ation of the demolition products formed during the 
discharge is much smaller; further, owing to the high 
H : C ratio of the oil, gases like hydrogen, methane, and 
others, will always remain. 

MEASUREMENTS UNDER A PRESSURE 
OF 1 ATMOSPHERE 

From the measurements under reduced pressure it 
was found that the generation of gas by a refined oil can 
be lessened by adding a low percentage of aromatics more 
volatile than the oil. As the pressure in a cable can vary 
greatly, it was of importance to find out whether the 
effect of small quantities of aromatics would be the same 
in gas discharges under higher pressure. The new 
measurements were carried out at 1 atmosphere. They 
could not be made in the apparatus of Fig. 1, because 
excessively high voltages would be required in view of the 
long distance which the discharge has to cover in the gas. 
For this reason an apparatus with a shorter distance 
between the electrodes was used. The frequency was 
60 cycles per sec. in these measurements. Air, nitrogen, 
and hydrogen, were examined as gas fillings. 

During the determinations with air atmosphere a 
decrease in pressure was noticed, with highly refined oils; 
this was probably due to the reaction of the oxygen from 
the air with the oil. In nitrogen the pressure rose above 
all the oils examined, but this rise took place at difierent 
rates. Above an oil with 3 per cent of naphthalene the 
pressure rose a good deal less rapidly than above the oil 
without this addition. In the determinations with 
hydrogen atmosphere a great difference was noticeable 
from the beginning between highly refined oils and oils 
with many aromatics. With the former the pressure 
began to rise, but with the latter to drop, as soon as a 
current passed through the discharge tube. 

As the temperature of a cable in actual use may be 
considerably higher than that of the surroundings, the 
influence of an increase in temperature on the gas 
generation or absorption was ascertained for oils under 
hydrogen pressure. Determinations were made at 20° C. 
and at 60° C. 

Above a highly refined spindle oil subjected to a dis¬ 
charge in hydrogen, the pressure rose more rapidly at the 
higher temperature. Above a less refined oil the pressure- 
drop at the low temperature was accompanied by an 
increase in pressure at the higher temperature. Above 
a highly refined spindle oil with 3 per cent of naphtha¬ 
lene the hydrogen pressure dropped when the discharge 
passed through, both at 20° C. and at 60° C. Fortunately, 
however, the pressure dropped more quickly at the 
higher temperature. 

CABLE OILS THAT GENERATE LITTLE GAS 

After the experiments described above had been 
carried out, it was possible to deal with the problem of 
how to prepare cable oils that generate little gas. A 
solution of this problem would be of great practical use. 

Insulating oils are often highly refined in order to 


obtain a high resistance to oxidation. By the refining 
process the tendency to generate gas is greatly aggra¬ 
vated, however. This shows that the two requirements, 
of high resistance to oxidation and little tendency to 
gas generation, are, up to a certain point, irreconcilable. 
Now, if care is taken to shut ofi the air sufficiently, the 
requirement of resistance to oxidation can be ignored and 
a less refined oil, with a high content of aromatics and/or 
unsaturated products, can be used. If, however, both 
requirements must be met together, then addition of 
10 per cent or less of aromatics more volatile than the 
oil can give the desired result. 

Small percentages of naphthalene, tetraline, and 



Fig. 7.—Oil A (filled cable oil) and admixtures. 

No admixture. 

(b) 0*5 per cent anthracene oil. 

(c) 0*6 per cent tetraline. 

(d) 0 • 6 per cent naphthalene. 

AH tests at about 20® C., with 25 cm^ cable oil. 

a-methyl naphthalene, can be added to a well-refined oil 
without seriously afiecting the resistance to oxidation. 

Fig. 7 shows the influence of 0 • 5 per cent of naph¬ 
thalene, tetraline, or anthracene oil, on the gas generation 
of a filled-cable oil, while Fig. 8 shows the influence of 
10 per cent of a-methyl naphthalene on the gas genera¬ 
tion of a heavy cable oil. These determinations were 
made under reduced pressure. Examined under hydro¬ 
gen of 1 atmosphere pressure the influence of an ad¬ 
dition of only, say, 0*6 per cent of naphthalene is less 
pronounced. In the determinations under a hydrogen 
pressure of 1 atmosphere very favourable results were 
obtained with 3 per cent of naphthalene. The per¬ 
centage required can vary greatly. It goes without 
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saying that of the oils that have the required resistance 
to oxidation, the one will be selected that generates 
least gas. 


with their partly hydrogenated compounds and their alkyl- 
substituted derivatives; in which, however, the number ol 
H atoms added should remain small and the alkyl groups, 



Fig. 8 

- Heavy cable oil. 

- - - _ 100 per cent of a-methyl naphthalene. 

. Heavy cable oil + 10 per cent by weight of a-methyl naphthalene. 

All tests at about 20° C., with 25 cm3 cable oil. 

Aromatics to be Added 

The number of aromatic compounds which have a 
favourable effect on the generation of gas by a cable oil 
is very great. Both pure hydrocarbons and compounds 
with other atoms such as N, Cl, O, etc., may possess this 
property. From these compounds have to be chosen 
those which have no unfavourable influence on the break¬ 
down voltage, the angle of loss, and the oxidation 
resistance of the oil. The influence on the gas generation 
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Fig. 9 

(a) 25 cm^ aniline. 

(b) 25 cm3 quinoline. 

(c) 25 cm3 tetraline. 

All tests at 25 mA and about 20° C. 

produced by substances of the following groups was 
ascertained:— 

(A). Benzene, naphthalene, diphenyl, and anthracene. 


24 


b 

o 20 
Vu 
CD 


G 


O) 

G 

ri 

V) 

w 

CD 

G 

(X 


12 


8 


4 


0 


! 



1 

1 

/ 

. 

a) 


t 

j 

/ 



_ JX_ 

/ 


y 

1 } 




/ 



iCT. 




ri 





^12 24 

Time, in minutes 


Fig. 10.- 


■Oil E [paraffinum iiqitidmn) and aniline; 2il 
temperature about 20*^ C. 

(a) 25 cm3 aniline. 

(b) 25 cm3 oil E. 

(c) 25 cm3 oil E -j- 1 per cent aniline. 
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Fig. 11-— Oil E [paraffinum Hquidum) and quinoline; 

25 mA, temperature about 20° C. 

(fl.) 25 cin3 quinoline. 

{&) 25 cmS oil E. 

(c) 25cia3 oilE + I per cent cpiinoline. 

if added, should remain short. For it is essential that 
the slight H-saturation and the compact structure of 
the molecule should be maintained. Besides the four 



UNDER THE INFLUENCE OF 


AN ELECTRIC DISCHARGE 


287 


aromatics mentioned above, this gi’onp includes toluene, 
xylene, ethyl benzene, a-methyl naphthalene, tetralinei 
and others. In decaline the H-saturation will presumably 
be too great. 

(B), The same substances as in Group A, but having in 


thalene, spectroscopically identified the following frag¬ 
ments in the electrodeless glow discharge: (C), (H), (C -f), 
(Cg). (CH). These were soon united. As is apparent from 
Fig. 8, this formation of large molecules in the tube of 
Fig. 1 takes place so rapidly for a-methyl naphthalene 



Figo 12.—Oil E (paraffinum liquidum) with benzene: 25 mA, temperature about 20° C. 



one of the aromatic rings a C-H group replaced by an 
N atom; e.g. pyridine and quinoline. 

(C). Mono-amino compounds of aromatic hydrocar¬ 
bons, e.g. aniline. 

Flarkins and Gans,’^ in their research concerning naph- 

* See Bibliograplay, (2). 


that the pressure is not increased, although new mole¬ 
cules constantly enter into the gas phase. 

Fig. 9, however, shows that with tetraline, aniline, and 
quinoline, the pressure rises. At lower temperatures 
this would happen less readily, as then the volatility is 
smaller. The vapour pressure, however, can also be 
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Time, in minutes 

Fig. 14.—Oil E [pavafinum liquidum) with, ethyl benzene: 25 mA, temperature about 20° C, 



Time^ in minutes 


Fig. 15.-~Oil E [paraffinum liquidum) with xylene: 25 mA, temperature about 20° C. 



Time, in mintites 


Fig. 16. Oil E [paraffinum liquidum) with, naphthalene; 25 mA, temperature about 20” C. 
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reduced in another way, namely, by dilution with a less 
volatile component, which is exactly what happens with 
volatile aromatics when used in a cable oil. It is there¬ 
fore possible not only that the addition of aromatics 
reduces the tendency of the oil to generate gas, but that, 
conversely, the mixture—as yet containing but few 
volatile components—generates less gas than the aromatic 
itself. 

Fig. 10 shows the generation of gas in oil E, in aniline, 
and in a mixture of the two. Fig. 11 refers to similar 
experiments with respect to quinoline. In both cases 
the mixture is better than either of the components. 

Percentage of Aromatics to be Added 

The influence of various percentages of aromatics was 
systematically ascertained for various substances of 
Group (A), by adding them to pavaffinum Uquidum. The 
results are plotted in Figs. 12 to 19. The generation of 
gas of the paraffinum Uquidum itself is shown in Fig. 12. 

In Fig. 19 the results are registered of the examination 
of anthracene oil and decaline. Addition of the latter 
was found not to have a great eflect. 

CONCLUSION 

The results of the investigation prove that the genera¬ 
tion of gas by an oil under the influence of an electric dis¬ 
charge greatly depends on the nature of the most volatile 


components of the oil. The gas generation of various oils 
can be greatly reduced by adding small percentages of 
■ aromatics more volatile than the oil. lliis can, in 
practice, lead to considerable improvement of oil ex|)osed 
to discharges, as is the case with cable oils, switch oil, 
condenser oils, and transformer oils. The inost suital)le 
substance to add, and the best percentage addition, ditler 
widely for various oils. 
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SUMMARY 

In order to obtain a pictorial representation of what 
happtnis^ in thermionic valves at frequencies at which the 
transit times ol: the electrons play an important part, electron 
positions and velocities, in a plane parallel diode, were 
calculated for a succession of times. 

In the case of a saturated diode, the voltage was assumed 
and the current obtained from the diagram. The result 
shows that there is an alternating component of electron 
current which leads the applied voltage and appears in the 
circuit as an addition to the geometrical capacitance current. 
The valve, therefore, appears as a finite resistance in parallel 
with an effective capacitance greater than the geometrical 
capacitance. 

In the case of the space-charge-limited diode the current 
was assumed and the voltage obtained from acceleration 
diagrams. The result shows that the valve behaves as a 
resistance in parallel with a capacitance smaller than the 
geometrical capacitance. 

This method has two advantages over purely analytical 
methods. It describes the mechanism of the effects, and it 
shows the presence of harmonics which usually disappear 
in the approximations made in analysis. 


1936; read before the Wireless Section mii May, 1936.=’=) 

In the example worked to give a diagram of electron dis¬ 
tribution, the following numerical values were assumed:— 

66 

CL = ~— = 10^® cm/sec. 
km 

M = I-, 

O) = Itt X 10®, 

and the steady-state transit time T = 10“® sec., which 
is a quarter of a period. 

These are the values of a and T which would be 
obtained by assuming the distance d from the cathode 
to the anode to be 0*5 cm, and the steady voltage Fq 
across the diode to be 2*82 volts. 

It was assumed that one electron was emitted from 
the cathode every 10“® sec., that is, 40 electrons were 
emitted in a complete cycle. The positions and velocities 
of these electrons were calculated from equations (2) 
and (3) when 


(1) SATURATED DIODE 

Consider a plane parallel diode the cathode of which 
emits a constant stream of electrons with zero velocity. 
Let the electron current be so small that it does not 
appreciably modify the field between cathode and anode. 
Then the force acting on each electron is known. 

Let the field at all points in the space be 

e(l + M cos (ji}t) volts per cm 

Then lcm~~ = e€(l + Moos cot) . . . (1) 

where e = electronic charge, 
m ” electronic mass, 
k "= ratio erg/joule — 10-'^, 

X distance in cm from the cathode, 

M = constant. 

Integration of equation (1) gives 


^ = 0, 3 X 10-^ 6 X 10-9 ... 39 X 10-9 sec. 

These positions are shown in Fig. 1(a). The row AB 
shows the positions of all the electrons in the space at 
the instant at which the voltage is at its maximum. 
The other similar rows are the corresponding pictures 
for later times; for instance, CD shows the positions of 
all the electrons in the space when the voltage is in¬ 
creasing through its mean value i.e., when cot — 270°. 

The curves of the type AF are graphs of position 
against time for individual electrons. The slope at any 
point on such a curve gives the velocity of the electron 
at that point. 

The contribution of each electron to the current in 
the external circuit is 

e dx 
d dt 

Therefore the current at any instant is given byf 


dx 

11 

and 

ai 

ee 

~'{t 

km 



ee 

km 


M. 

^ cot —■ sin cot'fi) 

CO 




to 


^ (cos cot — cos (Ot-j) 


M 

to 


(t — %) sin (oti 


.] 


( 2 ) 


(3) 


vhere x = 0, dxfdt = 0 when t = being the time of 
emission from the cathode. 

* There was no time at the meeting for discussion on the paper. Written 
communications are therefore invited for consideration with a view to 
jublication in the Journal, 


dZj dt 


(4) 


t This expression is equivalent to 






X, 


dt 


■dto 


t •— T 

given by D. 0. North: Proceedings of the Institute of Radio Engineers, 1936 
vol, 24, p. 108; and to 



given by C. J. BAKKER^and G. Os Vri-es; Physica, 1935, vol. 2, p. 683. 
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the summation being taken for all the electrons in the 
space at that instant. The current wave obtained in 
this way would have discontinuities due to the smallness 
of the number of electrons, so the curve was smoothed 
by interpolation. This was done by assuming a charge 
of 1 OOOe, distributed continuously between consecutive 
electrons, and attributing the mean velocity of these 
electrons to this amount. 

The current wave so obtained is shown by curve I in 
Fig. l[b). Curve V is the assumed voltage. 

It will be seen that the number of electrons in the 
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before the voltage reaches its maximum, so tlie curreirt 
maximum leads the voltage maximum. The closeness 
of the parabolas in Fig. 1(a) depends on both the velocii\' 
and the number of electrons, and is therefore an indica¬ 
tion of the current strength. 

A harmonic analysis of the current wave for tlie tirst 
three harmonics gives 

J == 1-59 X 10-'=^ [l + 0-26 cos (oj^ + 42°) 

- 0-092 cos [2(jot ™ 39°) 

— 0-032 cos {Z(jot + 41°)] amperes 




Fig. 1 (a) and (b). Distribution of charge in a temperature-limited diode. 


space is a minimum at about (jot = 50°, and a maximum 
at about cut = 260°, the voltage having been a maximum 
at (x)t = 0° and a minimum at ojt = 180°. This is 
because the electrons are pulled out of the space quickly 
when the voltage is large, and accumulate in the space 
during the time when the force on them is small The 
maximum current occurs at the time when the big 
number of electrons, which accumulated in the space 
during the time when the voltage was small, is being 
swept across and out of the space by the increasing 
voltage. The accumulation is drawn in to the anode 


The total current J, its fundamental component /, 
and its second harmonic component 4 , are shown in 
hig. 2 . The fundamental component of the rurrent 

lead. tt. voltage by 42-. Apptoitaate caloulat JSo.,, 
equations derived by Bakker and De Vries* gives the 
angle of lead as 46°. 


^ The electrons, the velocity of which we have used to 
e uce the current, finally deliver their kinetic energy 
as heat at the anode, so it is of interest to graph the 
arrival velocity at the anode over a cycle. ThisVph 

* C. J. Bakker and G. De Vries: he. cit. 
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is curve [a) of Fig. 3. The maximum and minimum 
velocities lag behind the maximum and minimum of the 
applied voltage. This is to be expected, because the 
electron which arrives with the greatest velocity was 
in transit when the voltage was a maximum. If, how- 


velocity, and therefore the energy of arrival, of the 
electrons are not, in general, those corresponding to the 
potential difference at the moment of arrival. In fact 
the difference, shown by the uppermost curve of Fig. 3, 
only disappears for those electrons which have been in 




{a) Velocity of arrival of electrons at anode. ^ . 

(h) Velocity of arrival of electrons at anode when transit time is very small in comparison 
with the period. 


transit during a maximum or minimum of the potential, 
i.e. when the field was substantially constant during 
the transit. 

(2) SPACE-CHARGE-LIMITED DIODE 

It is not possible to treat the case of the space-charge- 
limited diode as a mechanical problem in the way the 


ever, the time of transit of the electrons is small 
compared with the period of the alternating voltage, 
each electron will travel the whole distance from 
cathode to anode under the influence of a substantially 
constant field. The velocity of arrival will then be in 
phase with the voltage. This is shown by curve (6) in 
Fig. 3. Comparison of curves (a) and (6) shows that the 
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saturated diode was treated, because it cannot be 
assumed that the electrons move unaffected by each 
other. Therefore, neither the distribution of field 
strength nor the number of electrons leaving the cathode 
can be deduced from the voltage across the diode. 

In a space-charge-limited diode, so many electrons are 
emitted from the cathode that all lines of force from 
the anode end on electrons in the space. Therefore, 
the field strength is reduced to zero at the cathode. The 
field at the cathode is thus constant, and there is no 
displacement current through it, so the total current 
at the cathode is conduction current. The current at 
the anode, which is partly displacement and partly 
conduction current, must at each instant be equal to the 
current at the cathode. In other words, the conduction 
of electrons through the diode and the current corre¬ 
sponding to the geometrical capacitance current must 
both be accounted for by the electrons leaving the 
cathode. 

Now, if the total current be assumed, the number of 
electrons leaving the cathode at any instant is known, as 
the current at the cathode is entirely conduction current. 

The current per unit area is related to the acceleration 
of an electron by the equation* 

IcrriK d^x 

e dt^ ^ 

where e = electronic charge, 
m ~ electronic mass, 

K — permittivity of a vacuum, 

Ic — ratio erg/joule. 


Let 

Then 

and 


J — "b cos mi) 


d^x eZ 


m 


dl-^ 


IcmK 


i — L -|-(sin ojt — sin cot 

. . a> 




( 6 ) 


el 


X 


m 


•(« - ij)' 


hniK L 6 


. 

—g(sm cot — sin cot^) 


+ 


b) 


CO 


cos cot 


co^ 


mh “ . ■ 

---^sin cot. 

2co ^ 


(7) 


where d^xjdt^ — 0, dxjdt = 0, and t = at the plane 
X = Q, which is taken to be the cathode of the diode. 
The condition d^xjdt^ == 0 is the mathematical expres¬ 
sion of space-charge limitation, i.e. the field at the 
cathode is zero, neglecting initial velocities. 

The field strength e is given by 

€6 = Jcmd^xldt^ ... , . . ( 8 ) 

and the potential difference between the anode (the 
plane x ~ d) and the .cathode at any instant t is 


V 


edx 


’^0 

hm 


d^x 


Jo 


dt^ 


dx 


Analytically, this integral can only be evaluated b} 
successive approximation, because equation (7) cannoi 
by solved for However, the integral may be fount 
graphically by plotting d^xjdt^ against corresponding 
values of x for a series of values of t being constani 

* F. B. Llewellyn : Bell System Technical Journal 193S, vol. 14, p. 6E2. 


for each graph. Two specinien (drxld^, x) curves ere 
shown in Fig. 4. The area bounded l:)y such a curve and 
the line a; = d is the integral in ecpintioii (9). In tins 
way the voltage V was found for a sc*ries cvf vjiliies of t 
throughout a cycle, and is shown dolUsl in Fig. 5. 

In obtaining the above curve, the following assuini)- 
tinns were m?ide. 


I = 0* 1(1 T cos cot) milliamperes ]>er cm", 
CO = I'TT X 10^, 

and T == 10-® sec. 


The mean value of I and this value of T art' Uio.^e 
which would be obtained by assuming an anodt'-cnllK >de 
spacing of d = J cm and a steady voltage Fq — 2-82 volts. 



Fig. 4.—Specimen curves of acceleration 

against x. 


d“.r 
c/i- * 


Using these values, the expression ol>tairied l>y 
harmonic analysis of the voltage curve is 

F=2-78-l-0*89 cos (miJ—25° 47')-h0'03 cos (2a>ZF6()° 5') 

The fundamental component is shown by tluj full 
line in Fig. 5; the voltage contains less than 4 per cent 
of second harmonic. 

The currents one might expect to be prodiiced by tins 
voltage are compared with the assumed current in 
Fig. 6. Curve I is the assumed current. 1^ is the 
conduction current calculated from the 3/2 power law 
and the voltage derived from the assumed current. 
Ig is the pometrical capacitance current for the same 
voltage. The difference between 1 and the sum (i^j * { 1^) 
IS shown by curve I^)- This curve summarizes the result 
of the calculation. It can be seen from Fig. 6 that 
the largest component oi I is in antiphase with 7^?, 
showing that the total current 1 appears to flo w through 
a capacitance smaller than the geometrical capacitance. 
The value of this apparent capacitance is 0*6 of the 
geometrical capacitance, which agrees with the value 
given by Benham.* 

The apparent value of the capacitance obtained in 
this way is only correct to the first decimal place, because 
Ij) is the difference between 1 and (Jq -f- Iq), and Iq 
**■ W. E. Benham: Philosophical Magazine, vol. 11, p. 472, 
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have been calculated from the voltage, which was derived The element of charge, Aq, was taken to be 2* 5 x 10*“^^ 
by graphical integrations. For the same reason, it coulomb. The times bounding these A^’s were used 
would not be justified to discuss the other components as the in equation (7) to find the positions of these 

of Ij). They are of the same order of magnitude as the charges at any subsequent time. 

probable error of these calculations. The distribution of space charge throughout a cycle 

In order to obtain a picture of the distribution of , is shown by the dots in Fig. 7, and the velocities b}^ the 



cut 


Fig. 5.—Graph of the voltage and its fundamental components. 
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0 30 “ 60 “ 90 “ 120 ^ 150 “ 180 “ 210 “ 240 “ 270 ^ 300 “ 330 “ 360 ° 

(PHASED WITH VOLTAGE) 

Fig. 6.—Analysis of the assumed current I. 

j _ geometrical capstcitancc curreat. 

7 *« assumed current, ^ — + 

I, « conduction current, calculated from the 3/2 power law. 

j- -nnrabnlas The fact that the current 

charge throughout the space, it^was J A Jads^the voltage can be explained quaUtatively from 

charge left the cathode in equal discrete quantities, ^q, to. voltage is increasing through its mean 

each to be represented by a dot on the J^ue the current is increasing, but tbe number of 

current varies throughout a cycle, the times taken y ^ ^ also increasing and, before the 

these charges to leave the cathode wi vary, voltaee reaches its maximum, the charge in the spa« is 


be given by 


Ag __ 

0 *1(1 + jeos CJOt) 


voltage reaches its maximum, the charge m the space is 
so great that the field near the cathode « J^ie 

number of electrons leaving the cathode will therefore 
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begin to decrease, and tbe current passes through its greater variation of closeness •• across the space from 
maximum before the voltage. Conversely, it can be cathode to anode than in the case of the saturated diode, 
seen that the retarding space-charge is so diminished, Because of their great number, the electrons near the 



O 30“ 60° 90° 120° 150° 180° 210° 240° 270° 300° 330'360' 


Qjt^pmszo WITH THE VOLTAGE) 



ANODE 


60 90 120 150 180° 2I0°240^270^30^^0°3^ 

(phased With the current] 

Fig. 7, Distribution of charge in a space-charge-limited diode. 


CATHODE 


as the voltage is falling, that the number of electrons 
leaving the cathode starts to increase again before the 
voltage reaches its minimum. 

As in the case of the saturated diode, the closeness of 
the parabolas shows the maximum of the current, the 
closeness depending both on steepness and on' the 
number of electrons. It is seen that there is a much 


cathode have a much greater effect on the current in 
this case. 
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SUMMAItY. 

The paper gives an account of (a) an investigation into 
the nature and causes of undesired changes in the capacitance 
and power factor of condensers, and {h) means of obtaining 
greater constancy. The principal results and conclusions 
are as follows:— 

The changes are almost entirely due to temperature varia¬ 
tion. The thermal behaviour of condensers with solid 
dielectric is in general non-cyclic, and for a representative 
selection the temperature coefficients of capacitance ranged 
from —1 800 to + 200 parts in 10® per deg. C. The thermal 
behaviour of air-dielectric condensers is not cyclic in general, 
but moi'e nearly cyclic than that of solid-dielectric condensers, 
and cyclic behaviour was obtained in some cases. The 
coefficients of a representative selection ranged from — 65 
to 150 parts in 10® per deg. C. Where the behaviour was 
cyclic, the capacitance coefficient was between 2 and 3 times 
that of the linear expansion of the metals used. 

An analysis of the causes of abnormally large coefficients 
.showed that the variation of capacitance with air density 
is about 2 parts in 10® per deg. C. With entirely free expan¬ 
sion of metal plates, the coefficient is approximately that of 
the linear expansion of the metal, in accordance with simple 
theory. Variation of fringe " and " stray " field with tem¬ 
perature has no appreciable effect on temperature coefficient. 
Change of residual internal stress in the metal plates and 
members with change of temperature is not in general a very 
important factor. Distortion due to temperature-gradients 
arising from inequalities of thermal characteristics of com¬ 
ponent parts is likely to be a significant factor in many cases. 
Variation of elasticity and moment of inertia with tempera¬ 
ture is not significant. Unequal expansion of different parts 
may be a very important factor in producing large coefficients, 
particularly if the one set of electrodes is not quite symmetri¬ 
cal with respect to the other (i.e. unequal air-gaps). Even 
where constraint is intended to be avoided by the free sliding 
of plates in grooves, the frictional constraint is likely to be 
sufficient to cause distortion. In air-dielectric condensers 
with equal air-gaps, constraints arising from inequalities of 
expan.sion of different parts suffice to account for coefficients 
of 2 or 3 times the theoretical value for free expansion; with 
slight inequality of air-gaps (a few mils only) the effect of 
any small distortion in the plates due to this or any other 
of the causes listed is very greatly enhanced. 

An examination of the properties of insulating^ materials 
showed that the temperature coefficient of permittivity of 
solid dielectrics ranges from about — 700 in 10® per deg. C. 
(high-permittivity ceramics) to about 2 000 in^ 10® per 
deg. C. This temperature coefficient may be significant in 
variable air-condensers. Ebonites, synthetic plastics, and 
a specimen of fused silica, showed non-cyclic thermal be¬ 
haviour. Certain ceramics were very satisfactory in respect 
of deformation and cyclic behaviour. 

By comparing a complete and detailed analysis of the 
thermal chai*acteristics (conduction, radiation, etc.) of the 
component parts of a condenser with the thermal behaviour 
of the complete condenser some insight into the reasons for 
abnormal temperature coefficients can be obtained, and the 
knowledge thus gained can be applied to design. 

[ 297] 


Minimization of temperature coefficients of capacitance 
requires elimination of residual stresses and of variation of 
mechanical constraint, uniformity of effective thermal mass 
in the various elements, and accurate location of a mechani¬ 
cally suitable insulator with a low temperature-coefficient of 
permittivity. 

Among the methods of compensation for temperature- 
change, the use of a solid dielectric with negative temperature- 
coefficient of permittivity has possibilities, but some serious 
practical limitations. There are practical objections to the 
use of “ invar or copper-plated invar. Bimetallic systems 
are practicable and effective. A first trial model with 
bimetallic compensation, constructed without regard to cost 
and bulk, had a negligible temperature-coefficient of capaci¬ 
tance for slow changes of temperature. A second model was 
constructed on less expensive and more practicable lines. 
The temperature coefficient was adjustable to any value 
between about — 80 and — 7 parts in 10® per deg. C., and 
could be reduced to zero by a small modification of the design. 
The performance was very satisfactorily cyclic. 

The results of the investigation lead to the general con¬ 
clusion that, by the methods described, it is possible to 
construct comparatively inexpensive air-dielectric condensers 
with temperature coefficients adjustable to values in the 
neighbourhood of zero for slow changes of temperature. 
Further work is necessary before a satisfactory solution can 
be given of the problem of obtaining similar results for rapid 
changes of temperature. 
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that air-dielectric condensers are responsible for an 
appreciable portion of the observed frequency-changes. 
Furthermore, these frequency-changes suggest that the 
temperature coefficient of capacitance is often much larger 
than the linear expansion-coefficient of the metal elemen ts 
of the condenser, to which it should theoretically be 
equal if all dimensions increase in accordance with this 
quantity. 

Published values of the temperature coefficient of 
capacitance of precision air-condensers* together with 
measurements on various types of condensersf confirm 
that the temperature coefficient is often much in excess 
of the expansion coefficient of the metal vanes. Now 
the construction of a typical air-condenser is such as to 
make it a complex mechanical and thermal system, and 
the determination of its properties when subjected to 
temperature variation involves the solution of the 
following four separate problems: (a) The effects of 
temperature-change on a perfect or ideal condenser. 
(b) The effects of temperature-change on the physical 
properties of the metal portions, {c) The effect of the 
variations of the physical properties of the insulating 
material with temperature-change, (d) The effect of the 
thermal properties (e.g, conductivity, emissivity, etc.) of 
each portion of the condenser. 

In any actual condenser, changes in capacitance due 
to all these separate factots take place simultaneously. 
It was therefore necessary to conduct a series of experi¬ 
mental and analytical investigations to determine the 
probable magnitude of each effect and then to combine 
the knowledge so obtained to explain the observed 
behaviour in particular cases. 


Appendix 4. Rate of Change of Temperature of Therm¬ 
ally Conducting Body cooling by Radiation only. 

Appendix 5. Rate of Change of Temperature of Therm¬ 
ally Conducting Body cooling by Convection only. 

References. 

(1) INTRODUCTION 

The electrical stability of a condenser may be defined 
as the degree of constancy of capacitance and power loss 
obtainable under any specified conditions of operation. 
When condensers are used in uncontrolled valve oscilla¬ 
tors, the frequency stability is primarily dependent upon 
the electrical stability of the inductance and capacitance 
of the oscillation circuit. The stability of inductance 
coils has already been investigated,* and the present 
paper deals with the complementary problem of stabi¬ 
lizing the capacitance of the osciUation circuit. 

It was found by experiment that temperature variation 
is responsible for the bulk of the observed variations of 
capacitance, and consequently the paper is concerned 
mainly with the effect of this variable not only upon the 
actual change of capacitance but also upon the rate of 
the capacitance change. The paper deals primarily with 
the stability of variable air-condensers since continuous 
variability of frequency requires the use of such com¬ 
ponents, but attention is given also to fixed condensers 
with an air or solid dielectric. 

Measurements of the frequency-drift associated with 
the initial temperature-rise of various oscillators show 

* See Reference (93). 


(2) MEASUREMENT OF TEMPERATURE 
COEFFICIENT OF CAPACITANCE 
The first part of the investigation was the collection 
of data on the performance of various condensers repre¬ 
sentative of present practice in commercial and service 
transmitters and receivers. As in the case of the 
measurements on coils, J it was found convenient to use 
a self-oscillatory system incorporating the condenser 
under test and to observe the changes in capacitance in 
terms of the frequency variations of this oscillation 
system.- 

The general arrangement of the testing apparatus is 
shown schematically in Fig. 1. The oscillation circuit 
consists of a coil L and a condenser network; the coil is 
specially wound on a glass “ formerto give good 
stability of inductance and is enclosed in a temperature- 
controlled metal box; the condenser network consists of 
the precision condensers C;^, C^, Cg, and the condenser 
under test Ct- Oscillation can be maintained only when 
the capacitance of the network lies between two values, 
and consequently when the capacitance of the condenser 
under investigation lies outside these limits it is necessary 
to increase or reduce artificially the total capacitance of 
the system. This is done by means of the condensers 
Cg and Cg; when the value of Cj is very small, the 
switch S is closed and is put in parallel to bring the 
total capacitance up to a value sufficient to maintain 
oscillation; when Cx is very large, the switch S is opened 

• See References (22), (56). 

t See Section 3(5). t See Reference (93), 
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and Cg is put in series to reduce the total capacitance to 
a suitable value. 

In the examination of condensers of small capacitance 
it is important to ensure that one electrode system is 
at earth potential, otherwise spurious frequency-changes 
due to the change in capacitance to earth of this elec¬ 
trode system may occur. This condition is established 
by adjusting the condenser until the points P and E 
are at the same potential, the latter point being connected 
to earth; a valve voltmeter is used to observe the 
potential difference between the points P and E. When 
large condensers are being tested, this requirement is of 
little consequence, since the earth capacitance is negligible 
with respect to the mutual capacitance between the 
electrodes. The capacitance of the leads to the oven is 
represented by the dotted-line condenser Cl. When the 
switch S is closed, the total capacitance C is given by the 
expression 

JL-Ji 1 

C G-^ + Cjj -j- Cy 

and the frequency of oscillation by 

lie =ca\L .(2) 

The effect of a rise of temperature is to change the 



Fig. 1.—Schematic arrangement of testing apparatus. 


capacitance of the test condenser by an amount ACy 
and that of the leads by ACj;. Consequently, at the higher 
temperature, the new value of the capacitance C' is given 
by the expression 

1 /0' = l/Oj -f 1/(02 + + ACi; -j- AOy) . (3) 

and the new frequency value by 

1IC' = c4jL .(4) 

The value of the capacitance-change AOy can be 
expressed by the equation 

ACy = [l — (a)2/<aJi)^][l/0]^ + 1/(^2 -{- Ox -f- Oy)] 

[Og -f + Oy]^ ““ ACx • • (5) 

= ?7[l - (a)2/wi)2] - ACi . . . ... (6) 

where O' is a constant involving the known capacitance 
of the network. 

It is seen from equation (6) that a knowledge of the 
change in the capacitance of the leads is necessary. 
Although various efforts were made to eliminate this lead 
effect by the use of mercury conductors in quartz tubes 
and special water-jacketed leads, it was found that such 


methods were unsatisfactory and consequently it was 
decided to reduce the lead effect but not to attempt 
to eliminate it. For this purpose, a minimum length of 
small-diameter copper wire was employed, ensuring that 
the heated portion of the leads within th-e oven w^as as 
short as possible. The value of A(7x was obtained by a 
separate test in which the condenser under examination 
was removed and the leads only subjected to a rise of 
temperature. In this case 

A0£ = [l-(cu2/w;)2][(l/C) + l/(02+Ci)][C^+Ci]2 . (7) 

where oj'i — 27 t X frequency with oven cold, a )2 ~ 

X frequency with oven hot, and G^ — new value of Og 
required to obtain the correct earthing condition. 

Temperature-changes were produced artificially by 
means of an external hot-air blower which circulated 
warm air within an oven containing the condenser. It 
is necessary to adopt this method of heating since alterna¬ 
tive means using heating elements enclosed in the walls 
of the oven give rise to movements of these elements with 
respect to the condenser under test, and such movements 
produce appreciable changes of earth capacitance. In 
the actual arrangement, no conducting material was 
situated within 2 ft. of the condenser under examination. 
The rate of temperature-rise was made as great as possible 
until the final desired temperature was reached; this 
value was then maintained constant by manual regulation 
of the heater current in the case of short-period tests or 
by thermostatic control for long-period tests; the usual 
rate of temperature-change was 2 deg. C. per minute and 
the temperature-rise was 30 deg. C. 

The test procedure was as follows: each condenser was 
set up inside the oven and connected to the oscillatory 
circuit by the shortest possible length of No. 47 S.W.G. 
copper wire. The various network condensers were 
adjusted to establish the correct earthing conditions, 
and the frequency was measured at regular time-intervals 
until constancy was obtained. The temperature was 
now raised and maintained at a new definite value, while 
the frequency-drift of the oscillator was observed con¬ 
tinuously until a constant value was again obtained. 
The oven was then allowed to cool and in many cases 
continuous observation of the cooling curve of frequency 
was taken, but in some cases the final value only was 
observed since the frequency-drifts often continued for 
many hours. Three tests were made on each condenser, 
except in those cases where thermal ageing took place, 
when as many as seven tests were made to ascertain 
whether a cyclic condition was ultimately reached. In 
most cases the first test gave abnormal results owing 
to the drying-out of the insulation, and the results 
obtained on this test have usually been discarded. 

‘ (3) RESULTS OF TESTS ON CONDENSERS 

In presenting the results of the tests upon some 
selected condensers it is considered sufficient to illus¬ 
trate the type of behaviour by giving two actual charac¬ 
teristics, one for a good cyclic case and another for a 
case where the performance was non-cyclic. Reference 
to the behaviour in individual cases is given in Tables 1 
and 2. 

An example of cyclic behaviour is shown in Fig. 2, 
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in which the temperature-variations refer to the air 
surrounding the condenser; this curve was obtained for 
Condenser T (see Table 2) and can be taken as repre¬ 
sentative of a good cyclic performance. For other cases, 
the time taken to reach the final value may differ appre¬ 
ciably from the value shown in this case, but the form 
of the curve is sensibly similar. 


behaviour is cyclic and several successive tests give 
agreement. In other cases, however, the temperature 
coefficient is only a mean of a number of readings and 
has little practical significance. Such cases are indicated 
in Tables 1 and 2 by a note as to the nature of the 
observed performance. 

Both solid-dielectric and air-dielectric condensers were 


Table 1 

Results of Tests on Solid-Dielectric Condensers 


Con- 

densei 

Type 

Measured 

capaci¬ 

tance 

Temperature 

coefficient 

Thermal 

per¬ 

formance 

Notes on capacitance-change 

r''''req, 
of rat‘a- 
siire- 
merit 

A 

Tubular, high voltage, dielectric 
unknown 

fifxF 

300 

parts in. 106 
per deg. C. 

-f-23 

Non- 

cyclic 

Capacitance value fell after each 
thermal cycle. Long - period 
changes occurred 

kc 

I 000 

B 

High voltage, dielectric unknown 

542 

-f 65 

Non- 

cyclic 

Capacitance value fell after each 
thermal cycle, but ultimately a 
nearly cyclic performance wais 
obtained 

1 000 

C 

High voltage, dielectric unknown 

557 

- 110 

Nearly 

cyclic 

First heating gave low coefficient, 
after which nearly cyclic behaviour 
existed 

I 000 

D 

" Compensated."' Coefficient claimed 
by manufacturers to be 10 parts in 
10 ® per deg. C. 

1 000 

-j- 160 

Nearly 

cyclic 

Considerable ageing during first heat¬ 
ing. Large time-lag between capa¬ 
citance and temperature-change 

jt fml- 

74o 

1 

i 

E 

High voltage, dielectric unknown 

217 

- 1 820 

Nearly 

cyclic 

i 

1 000 

i 

F 

i 

Experimental silica tube with 2-mil 
copper coating deposited by metal 
spray 

127 

-j- 45 

Nearly 

cyclic 

Very little ageing or time-lag between 
capacitance - and temperature - 
change 

3 500 

G 

Tubular, '' Calit " dielectric 

267 

-f 175 

Nearly 

cyclic 

Slight ageing at 60° C. Small lag 
between capacitance- and tempera- 
ture-change 

3 500 

H 

Tubular, ‘‘ Calit " dielectric 

238 

+ 206 

Nearly 

cyclic 

Identical with G 

3 500 

j 

Tubular, “ Condensa " dielectric 

219 

- 200 

Non- 

cyclic 

Ageing effects considerable. Long- 
period time-lag between capaci¬ 
tance- and temperature-change 

3 500 

3 500. 

K 

Tubular, Condensa " dielectric 

233 

—- 190 

Non- 

cyclic 

Identical with J 


An example of non-cyclic behaviour is shown by the 
curve m Fig. 3, which was obtained for Condenser A 
(see Table 1). The behaviour of the other condensers 
can be expressed in a similar manner, and the curves 
he intermediately between these two extremes. In some 
cases the temperature coefficient of capacitance can 
be obtained with good accuracy. This occurs when the 


tested, and, in view of the differences between these 
types, the results are divided into two groups. 

(a) Solid-Dielectric Condensers 

The results of the tests on solid-dielectric condensers 
are tabulated in Table 1; all these condensers were 
standard commercial products with the exception of 
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Table 2 

Results of Tests on Air-Dielectric Condensers 


Con¬ 

denser 

■ 

Type 

Vleasured 

capaci¬ 

tance 

Temperature 

coefficient 

Thermal 

per¬ 

formance 

Notes on capacitance-change 

Freq. 
of mea¬ 
sure¬ 
ment 

L 

i^'ixed, monel-metal plates, brass 
spacing collars, paxolin base 

263 

parts in 10*5 
per deg. C. 

-{- 35 

Nearly 

cyclic 

— 

kc 

3 500 

M, 

Fixed, duralumin plates, brass spac¬ 
ing collars, paxolin base 

257 

-p 45 

Nearly 

cyclic 

— 

3 500 

N 

Fixed, monel-metal plates, alu¬ 
minium spacing collars, paxolin 
base 

262 

+ 13 

N on- 
cyclic 

Several thermal cycles did not im¬ 
prove non-cyclic behaviour 

3 500 

O 

Fixed, brass plates, keramot spacing 
collars, rnycalex end-tubes, brass 
clamping rods 

600 

- 43 

Nearly 

cyclic 

— 

1 000 

P 

Fixed, compensated, brass plates 
sliding in grooves in opposite brass 
plate, two brass end-plates spaced 
l)y invar rods in rnycalex blocks, 
keramot insulation 

1 180 

-[- 20 

Nearly 

cyclic 


1 000 

p 

Variable, aluminium plates, double 
paxolin stator supports 

514 

+ 42 

Cyclic 

Slight ageing during first thermal 
cycle 

1 000 

R 

V'ariable, aluminium plates, single 
" Rad ion ” stator support 

510 

~ 65 

Nearly 

cyclic 

Considerable ageing during first 
thermal cycle 

1 000 

S 

\’ariabie, aluminium plates, single 
paxolin stator, support 

530 

Negative 

Severe 

ageing 

No accurate determination possible 

1 000 

T 

Variable, l:)rass plates, rnycalex plate 
insulation 

640 

-p 52 

Cyclic 

Two heat treatments required to 
produce cyclic state 

1 000 

U 

\'ariable, series gap, brass plates, 
rnycalex plate insulation 

185 

-}- 60 

Nearly 

cyclic 

— 

1 000 


Variable, series gap, brass plates, 
rnycalex plate insulation 

62 

+ 150 
(approx.) 

Non- 

cyclic 

Coefficient increased for each succes¬ 
sive heat treatment. Values were 
-F 108, -f 145, + 185. Heat 

treatment did not produce ulti¬ 
mate cyclic condition 

1 000 

w 

Variable, series gap, aluminium 
plates, rnycalex strip insulation 

100 

-h 100 
(approx.) 

Non- 

cyclic 

Capacitance increased after each heat 
treatment. On cooling, capaci¬ 
tance-change was about half that 
obtained on heating 

1000 

X 

Variable, series gap, aluminium 
plates, rnycalex strip insulation 

40 

+ 160 
(approx.) 

Non- 

cyclic 

to W, but capacitance was 
reduced after each heat treatment 

1 000 


Gondeiiser F. Reviewing the results of these tests, it 
is seen that the capacitance coefficient may be positive 
or negative^ and its value may be very large, varying 
from -1 800 to -1- 200 parts in 1 million per deg. C. 


for the condensers selected. The first five condensers 
(A-E) have a paper or mica dielectric and are repre¬ 
sentative of-standard commercial products for radio- 
frequency purposes. The large difierences between the 
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thermal performance and the temperature coefficient 
of capacitance of individual condensers are probably 
due to the complexity of the expansion coefficients of 
the various parts, the changes of permittivity of the 
dielectric with temperature, and the residual-stress 
redistributions which take place due to differences in 
the thermal capacity of the various portions. Such 
condensers are obviously unsuitable for use in circuits 
where a high degree of stability is required. 

Condensers F-K have a solid dielectric with deposited 
electrodes in intimate contact with the insulator. The 
measurements made on the silica-dielectric condenser 
with sprayed-on electrodes (F) show that the perfor¬ 
mance agrees very closely with the temperature coeffi¬ 
cient of permittivity of quartz (40 parts in 1 million 


for condensers in which deposited electrodes are used, 
and hence it seems clear from these results tliat the 
temperature coefficient of permittivity of Calit is net 
reproducible to an accuracy much better than 3o ] ac¬ 
cent. 

The measurements on the Condensa condensers J a nd K 
give values of — 200 and — 190 parts in 1 million per 
deg. C. for the temperature coefficient of ca|)a,citance, 
whereas the manufacturers state tliat the tempc'rature 
coefficient of permittivity of Condensa is — 380 jiarts 
in 1 million,* and Rohdef gives a value of ~ 370. ddic 
discrepancy is probably explained by the fact that: the 
change in capacitance takes place very slowly when a 
temperature-change is suddenly applied, and tiie xulnes 
given in Table 1 are derived from tlie observed ca|)ji,ci- 





Fig. 2.—Example of cyclic behaviour, condenser T. 
Atmospheric temperature =* 18® C. 


per deg. C.)* and that no appreciable time-lag exists 
between the capacitance and temperature changes. All 
the condensers G^K are made of ceramic materials, 
G and H consisting of electrodes deposited on a '' Calit ” 
dielectric and J and K of similar electrodes deposited 
on a Condensa dielectric. The Calit condensers 
behave in a nearly cyclic manner and have positive 
temperature-coefficients of capacitance' of -{-175 and 
d- 205 parts in 1 million per deg. C. respectively. The 
temperature coefficient of permittivity of Calit is given 
by Handrekf as + 160 parts in 1 million per deg. C., 
and RohdeJ gives values of -f 220, -f 180, and + 160 
parts in 1 million for the temperature coefficient of 
capacitance of Calit condensers. It is improbable that 
the temperature coefficient of permittivity differs appre¬ 
ciably from the temperature coefficient of capacitance 

* See Reference (32). t jm., (32). j lUd., (56). 



Fig. 3.—Example of ixon-cyclic behaviour, condenser A. 
Atmospheric temperature = 18*8® C. 


tance-change 100 minutes after the temperature-cliange 
occurred. If the test had been continued for a period 
of at least 400 minutes, a higher value of the coefficient 
would have been obtained, but it is doubtful whetlier 
it would have exceeded - 250 parts in 1 million. This 
very appreciable lag between the temperature-change 
and the resultant change in capacitance may be due 
to the poor thermal-conductivity of the material or it 
may be produced by some molecular effect interlinked 
with the mechanism producing the negative temperature 
coefficient of permittivity. In either case, it appears 
to be a. serious limitation to the application of Gondensa 
as a dielectric having a negative temperature coefficient 
of capacitance, for if such a condenser were used in 
conjunction with an inductance coil having a positive 
coefficient of inductance, the compensating action would 

♦ See Reference (88). 


t Ibid., (m). 
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not be effective unless the atmospheric temperature- 
changes were extremely gradual. 

The properties of these ceramic dielectrics are dis¬ 
cussed fully in Section (6). At the present stage in the 
paper it is sufficient to note that the performance of 
such condensers is superior to that of the roore con¬ 
ventional types but is not nearly good enough for use 
in circuits where a high degree of stability is required. 

(b) Air-Dielectric Condensers 

The results of the tests on air-dielectric condensers 
are tabulated in Table 2; all these condensers were repre¬ 
sentative of good commercial or experimental practice, 
i.e. the results are not applicable to mass-produced 
products. The first group comprised a number of fixed 
air-condensers (L, M, N), all constructed in an identical 
manner but with different metals used for the circular 
plates and cylindrical spacing-collars. In each case, 
the dimensions of the corresponding parts were the same, 
the collars and plates were bolted together with brass 
rods, and the same type of paxolin base was used. 

Table 3 


Temperature Coefficient of Capacitance, and 
Linear Expansion Coefficient, of Metals used 
in Condensers L, M, and N 


Con¬ 

denser 

Expansion coefficient (parts in 10^ per deg. C.) 

Measured 

temperature 

coefficient 

of 

capacitance 
(parts in 
106 per 
deg. C.) 

1 

Plates 

spacing collars 

L 

1 

13*5 (monel metal) 

18*9 (brass) 

+ 36 

M 

23'4 (duralumin) 

18-9 (brass) 

-f 45 

N 

13*5 (monel metal) 

23 • 5 (aluminium) 

+ 15 


It is convenient to tabulate the expansion coefficients 
of the various metals used in the construction of each 
condenser in order to see what effect on the temperature 
coefficient of capacitance was produced by such varia¬ 
tions; this tabulation is shown in Table 3. 

It is observed that the temperature coefficient of 
capacitance increases from -f 35 to -{- 45 parts in a 
million if the plates are made of duralumin instead of 
monel metal. The increase in temperature coefficient 
is, however, not as great as the increase in the expansion 
coefficient—from 13- 5 to 23-4 parts in 1 million per 
deg. C. Again, the temperature coefficient is reduced 
from -f 35 to -f 15 parts in 1 million if the metal plates 
remain the same and the spacing collars are changed 
from brass to aluminium, since the greater expansion 
coefficient of aluminium (23*5 parts in 1 million) leads 
to an increase in spacing between the plates when the 
temperature is raised. It would not be expected that 
the observed temperature coefficient of capacitance would 
change in the precise ratio of the change in the linear 
expansion coefficient of the spacing collars, since stress 
considerations due to the brass clamping-rods would 
modify the expansion of these collars, but it is somewhat 
significant that when the differential expansion between 


the collars and the clamping rods was large, as in con¬ 
denser N, non-C 3 ^clic behaviour occurred. This is prob¬ 
ably due to the non-elastic changes of stress set up in 
the clamping rods with temperature-change. 

Condenser O showed a negative temperature-coefficient, 
probably due to changes in the dimensions of the air-gap 
of sufficient magnitude to over-compensate the effect 
of plate distortion. Condenser P was a special experi¬ 
mental design in which the brass plates were secured 
at the ends of one side and were free to slide in grooves 
cut in a thick brass plate at the opposite side. These 
end plates were maintained a constant distance apart 
by means of invar spacing rods secured in mycalex 
insulating blocks fixed to the plate s^^stem, the design 
being such that the expansion of the mycalex insulator 
introduced no mechanical stresses and had no effect on 
the capacitance value. The brass condenser plates were 
free to expand laterally, but the effective longitudinal 
dimensions of the plates were maintained constant by 
the invar spacing rods. The capacitance should there¬ 
fore have remained constant if the plates had remained 
fiat, since the increased area, due to lateral expansion 
only, was counterbalanced by the increased spacing 
between the plates. This condenser was heat-treated 
at a temperature of 200° C. and the coefficient of capaci¬ 
tance was found to be about equal to the linear expan¬ 
sion coefficient of the metal plates, suggesting that plate 
distortion was taking place with temperature variation. 

In the next group (Q, R, and S) all the condensers were 
mechanically similar, each having an appropriate maxi¬ 
mum capacitance of 500 jic/xF. The differences between 
them consisted only in the method and material used 
to support the stator assembly. It is seen from Table 2 
that when the stator assembly was held at both ends 
by insulating supports the performance was perfectly 
cyclic, whereas when one side of the stator only was 
supported this was not the case. The temperature 
coefficient of condenser R was negative, and in the case 
of condenser S the ageing effects were excessive and did 
not appear to diminish with the application of successive 
thermal cycles. This suggests that, since the weight of 
the stator acts as a bending moment on the beam-like 
insulating supports, these supports are distorted by 
temperature-change, and in the case of paxolin this 
distortion appears to be plastic, whereas for Radion it 
appears to be sensibly elastic. In either case, such dis¬ 
tortion produces a reduction of the effective area of the 
field between the vanes and this form of distortion may 
produce abnormal values of the temperature coefficient. 
It is noteworthy that the anticipated distortion produces 
a reduction in area, and in both cases where single stator 
supports were used it is seen that a negative coefficient 
was actually obtained. This result suggests that if 
single stator supports are adopted their rigidity is of 
vital importance and that the properties of paxolin and 
Radion are unsuitable for this purpose. 

The remaining condensers (T, U, V, W, and X) are 
representative of good modern construction, condensers 
T, U, and V being suitable for receivers and W and X 
for short-wave transmitters. An inspection of the results 
of the tests shows that the value of the temperature 
coefficient of capacitance lay between -j- 50 and -f- 
parts in 1 million per deg. C., whereas the anticipated 
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coefficients were +19 and +23 parts in 1 million for 
the brass-plate and the aluminium-plate condensers 
respectively. 

The results of the tests on air condensers reveal at 
once one outstanding fact of major importance. In those 
cases where reasonably cyclic behaviour occurred, the 
value of the temperature coefficient of capacitance lay 
between 2 and 3 times that of the linear expansion 
coefficient of the metal used for the plates, the values for 
the capacitance coefficient being + 35, + 42, + 45, + 52, 
and + 60 parts in 1 million per deg. C. (see Table 2 ); it is 
interesting to compare these results with published data 
on the stability of air condensers. Rohde* points out that 
the temperature coefficient of small air condensers is 
usually much in excess of the expansion coefficient of the 
metal plates. Values for this coefficient are given as + 36 
and + 40 parts in 1 million per deg. C., and the thermal 
ageing or capacitance-change produced by one complete 
thermal cycle of 40 deg. C. is stated to be as great as 
400 parts in 1 million in many cases. Giebe and Zicknerf 
also find that the variation of capacitance of standard 
air-condensers used at the Physikalisch-Technische- 
Reichsanstalt is rarely less than 200 parts in 1 million 
and often exceeds 400 parts in 1 million. 

It would be unwise to conclude from these published 
results that it is impossible to design air condensers of 
good stability—^in fact, it appears that no attempt has 
been made hitherto to discover the causes of these large 
unreproducible changes. Since in all these cases the 
capacitance of the insulating stator supports was only 
a small fraction of the total capacitance, it is reasonable, 
in seeking for an explanation of the high values of the 
temperature coefficient of capacitance of air-dielectric 
condensers, to attribute such variations with tempera¬ 
ture to changes of configuration. It was necessary, 
however, to be quite certain that no other factor had 
been overlooked, and, with this object in view, tests 
were made on a specially-built condenser which may be 
referred to as an “ ideal'' condenser, since it was made 
in such a manner that metal distortion was negligible 
and the capacitance of the solid portions of the dielectric 
was as small as possible. The object of this investigation 
was to ascertain whether the temperature coefficient 
of capacitance of such a condenser is predictable from 
the known coefficients of linear expansion of the plates 
and spacing pillars. 

(4) EFFECTS OF TEMPERATURE-CHANGE UPON 
CAPACITANCE OF “ IDEAL CONDENSER 

(a) Evacuation Tests 

The electrodes of this specially-constructed condenser 
consisted of two blocks of well-annealed brass of 
dimensions 6 in. x 5 in. x | in. and 6 in. x 6 in. x J in. 
respectively. The two active surfaces were lapped flat 
and thoroughly cleaned and the air-gap spacing and 
insulation were provided by three very small adjustable 
screws with mica tips, thus giving accurate 3 -point 
location. This condenser was set up as part of an 
oscillatory system and was enclosed in a large bell-jar 
equipped with a mercury pump for exhausting the air. 
The change in capacitance on varying the air density 
* See Reference (56). f ibU,, (22). 


was observed and was found to agree exactly with the 
theoretical value of permittivity given by the expression 


where d-^ = air density and = 195 X 10“"®. This 
result is in agreement with a previously published state¬ 
ment* that the permittivity of air is independent of 
frequency. The permittivity of air varies with tem¬ 
perature in the manner shown in Appendix 1, and this 
variation is responsible for an increase in the tem¬ 
perature coefficient of capacitance of a condenser of 2 • 15 
parts in 1 million per deg. C. 

(b) Heating Tests 

The temperature coefficient of this same condenser 
was now measured, as described in Section (2), lor 
various air-gaps between 0*005 and 0*3 in. In all 
cases it was found that the capacitance coefficient was 
about 24 parts in 1 million per deg. C., the expansion 
coefficient of the brass plates being 18*9 parts in 1 million . 
The discrepancy of 27 per cent is not large and may be 
due to the fact that the small air-gap screws do not 
reach the same temperature as the large plates owing 
to their very small thermal capacity and appreciable 
radiating surfaces. The agreement was, however, con¬ 
sidered to be sufficiently good to establish the fact thcit 
the capacitance coefficient of such a condenser is siil)- 
stantially equal to the thermal-expansion coefficient of 
the metal plates. 

(c) Expansion Tests 

To find whether the performance of a condenser can 
be predicted from a knowledge of its dimensional changes, 
it was decided to conduct tests at constant temperature 
with special condensers in which the effects due to 
expansion could be imitated. In any condenser, the 
field can be divided into three parts, namely, the main 
field between the plates, the fringe field at the edges of 
the plates, and the stray field due to the lines of force 
from one electrode to earth which do not terminate on 
the other earthed electrode. 

Two special condensers were made for this purpose. 
Each consisted of a square top and a square bottom 
plate with three screws for air-gap adjustment, the 
bottom plate being divided into two parts. The central 
square portion of this plate was identical with the top 
plate, but the outer hollow square or guard ring was 
electrically insulated by a very small air-gap. The 
arrangement is shown in Fig. 4, which also shows the 
division of the total electric field into its three com¬ 
ponents Cg, and Cg. The dimensions of the two 
condensers are shown in Fig. 5. It will be noticed that 
all the dimensions of the large condenser are about 
10 per cent greater than those of the small condenser. 

The capacitance of each of these condensers was 
measured for various air-gaps at a frequency of 347 kc 
with the guard-ring electrode system connected to the 
central square bottom plate. The guard ring was then 
disconnected from the main electrode, radio-frequency 
current at a frequency of 347 kc was supplied from an 

* See Reference (38). 
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oscillator, and the currents measured 

for different air-gaps. If C = total measured capaci¬ 
tance, 

stray capacitance of top plate 


O, 


li - (4 + I,)C 


I 

Mai,ii-tleld capacitance = (7o = 

-^1 


Fringe capacitance = O. 


L. 


3 




(9) 


( 10 ) 


( 11 ) 


Care must be taken in these measurements that the main 
and fringe electrodes are both at the same potential; 
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Fig. 4." -Field distribution of experimental condenser. 


the dimensions of the large condenser are 10 per cent 
greater than those of the small condenser, the effect of 
an expansion of 10 per cent on the magnitude of each 
capacitance component can be ascertained for various 
air-gaps by reference to Fig. 6 . 

The results of this analysis are given in Table 4, in 
which it will be noted that the air-gap for the large 
condenser is in all cases 10 per cent greater than that of 
the small condenser. The values of the stray capacitance 



Fig. 5. —Dimensions and testing circuit of experimental 

condenser. 

Large condenser: JL = 5*486in.; JB — 6*692in.; C — 0*653in.; D = 0*618in. 
Small condenser: A = 4*994in.; JS = 6*086in.; C ==» 0*501 in.; D = 0*565in. 


this condition can be realized by the use of low-resistance 
th( 3 rmo-junctions for measuring the currents and Jg. 

The values of these three components are shown in 
Fig. 6 , in which and C 3 refer to the small condenser 

and Cj, C 2 , and C 3 refer to the large condenser. The 
calculated values of the main-field capacitances and 
( 7*2 are shown by dotted lines in the curves A and B 
respectively. The slight differences between the observed 
;ukI calculated values are probably due to the field¬ 
distorting effects of the three screws. Now, since all 


of the small and large top plates in the absence of the 
bottom plates were 10*65 and 11*77 ixfiF respectively, 
from which it is seen that a considerable portion of the 
field was diverted to the fringe and main fields when the 
bottom electrode was introduced. The stray capacitance 
and the fringe capacitance are not critically dependent 
on the air-gap, the stray capacitance increasing and the 
fringe capacitance decreasing as the gap is increased. 
The ratios Ci/Ci, C^IC^, C 3 /C 3 , are, however, all sensibly 
the same as the increase in dimensions, and the total 


Table 4 


Effect of Expansion of the Electrodes of a Condenser on the Capacitance Components 


Small condenser 

Large condenser 

Small 

condenser 

Large 

condenser 

Capacitance ratios 

Air-ga,i'» 


Air-gap 

TJ* 

fifxr 



Self 

Main 

Fringe 

Total 

ri 

Cl 

02 

C 3 

0[ 

02 

0 ; 


o'jo^ 

oyoz 

Cl 4" (^2 4" (7 3 

(7i4(72"b(7s 

mils 

rt 

3*0 

211-5 

11*6 

mils 

27-5 

3*3 

235*5 

12*3 

226*1 

251*1 

1*10 

Ml 

1-06 

Ml 

50 

3-2 

107-0 

10*0 

66-0 

3-5 

119*2 

10*6 

120-2 

133-3 

1*10 

1*11 

1-06 

1*08 

100 

3*4 

52*5 

7-8 

110-0 

3*7 

59-2 

8*8 

63-7 

71*7 

1 -10 

1*12 

1-12 

1-12 

150 

3-8 

34*0 

6*5 

165*0 

4*2 

: 38*8 

! 

7*7 

45*3 

50*7 

1*10 

1-14 

1 

1-18 

1-12 

200 

4*2 

24*5 

5*7 

220*0 

4*6 

27*5 

1 

7-0 

34 * 4 

39*1 

1*10 

1*12 

1-23 

1*13 

250 

5*0 

19-5 

5-2 

275*0 

5*5 

21*5 

5*4 

29*7 

32*4 

1*10 

1-10 

1-04 

1*09 

300 

5*6 

16-5 

5-0 

330*0 

6*2 

18*1 

5*3 

27*1 

29-0 

1*10 

1-10 

1-06 

1*07 



t ... .— * - ■—.- .-.-.:.. • '■ ■■ 
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Ccipacitaiicc-cliang'© ratio -{- C 2 "t" ^2 “f" ^3) 

is approximatety equal to tliis same increase. The 
slight departures from the ratio 1*10 are largely 
accounted for by instrumental and observational errors. 
Previous work on the value of the capacitance of the 
fringe held'*' confirms the view that no appreciable 
increase in the capacitance coefficient can be accounted 
for by dimensional changes of this held produced by 
plate distortion. 

It seems clear from the heating and expansion tests 
that the performance of these ideal'' condensers is 
in substantial agreement with theory, and no evidence 
has been obtained that anv hitherto unsuspected factor 
exists which could account for the discrepancies ob¬ 
served in so many cases between the measured and 
calculated values of the coefficient of capacitance. The 
presence of a small series inductance cannot produce 
effects of the order required to explain these dis- 



Fig. 6. Capacitance components of experimental condenser. 


crepancies, since it can readily be shown that, if a 

condenser of capacitance G possesses a series inductance 
L, then 


Apparent temperature-coefficient of capacitance 

= Ac/{I - cjo^OL) . ( 12 ) 

where AG is the change in the capacitance G per degree 
rise of temperature; and for all practical cases for fre¬ 
quencies up to lOOOOkc, co^CL does not exceed 0-02, 
corresponding to a 2 per cent increase in this coefficient' 
It therefore appears that these discrepancies must be 
due to mechanical deformation produced by temperature- 
change, and consequently a study has been made of the 

factors which may produce distortion as distinct from 
pure thermal expansion. 


(5) EFFECTS OF THE VARIATION OF THE 
PHYSICAL PROPERTIES OF METALS WITH 
TEMPERATURE-CHANGE UPON THE CAPACI¬ 
TANCE OF CONDENSERS 

(a) Residual Stress 


It i3 very naturally assumed that considerable 
mechanical distortion may take place owing to the 


* See Reference (44). 


release of internal stresses on heating. Sucli stresses 
are knov/n to exist in rolled and cast nieta! Init can be 
very appreciably reduced by annealing, o!iser\'ed 

results cannot be wholly explained, howe\'('r, on Uie 
assumption that residual stresses alone disiorl llie inrtal. 
Firstly, it is well knowm that such stresses are well I »<‘I« av 
the elastic limit of the material, except ]iossil)l\’ in 
castings which are difficult to pour owing I 0 narrow 
paths in the mould. This necessarily implies iliat 
deformations of this type produced by I real in;: ^vili 
disappear on cooling, and it has been shown in Sect ii ui ‘>(7^) 
that this is rarely the case. Secondly, it is shown latc'r 
in the paper that the deformation requireil to prodfiec 
the observed capacitance-change is far gnsa/icr th.an is 
likely to occur in the material. There is nr^ doubt, 
however, that the release of internal stress is a. fasdor 
in some cases. Measurements of the distort ion jirothu'oci 
by temperature-rise have been made by a. iradhotl de¬ 
scribed in Appendix 2, and for the case of a. 4 in : : 2 in. 
plate of |-in. annealed brass it was found that elastic 
deformation of the order of 30 X 10“®in. occiirred at 


the centre of the plate for a temperature-rise of 30 deg. C. 
Such a plate is rather larger and somewhat tliicker tlian 
would generally be found in ordinary small condensers. 
It is permissible, therefore, to say that the prolialde 
distortion produced by residual stress in a typical 
condenser is of the order of 10~^ in. per deg. C. 

The above statement is made on the supposition tliat 
annealed metal is used. With cold-worked or rolled 


material which has not been thermally aged, the dis¬ 
tortion may be much greater, but, since abnormally 
large coefficients of capacitance have been observed in, 
the absence of such conditions, defoiination must be 
produced by other causes. 


(b) Temperature Gradient 

Owing to the method of mounting condenser vanes, 
it is possible for temperature-changes to ailect certain 
portions of the plates to a greater extent than others. 
The difference in the radiation arid convection conditions 


ir Jr 




temperature-gradients in the metal. Experiments were 
made with a brass plate of -^in. thickness to ascertjiin 
the possible value of such temperatiii’e-gradients. 
Thermocouples were soldered to the two opposite 
surfaces while^ the plate was freely supported in an air 
oven, heat being slowly applied from below tlie lowei’ 
surface. Permanent differences of temperature, of about 
3 deg. C., were found to exist between the surfaces 
when the temperature-rise was 35 deg. C. It can be 
shown that in a thin beam 3 in. long in which there is 
a temperature gradient of this value across an |-in. 
section, the curvature produced by the difference in 
expansion of the two surfaces is equivalent to a deflection 
at the centre of 15 x 10”*® in. per deg. C. 

The distortion which may occur owing to temperature 
gradient in the metal vanes is seen to be fa/ 
than that likely to be produced by residual stresses 
and there is good reason to suspect this cause of being 
res:^nsible for a considerable increase in the capacitance 
coefficient. It is shown in Section (7) that the rate of 
variation of temperature of the various parts of a con¬ 
denser may differ appreciably, and consequently appre- 
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ciabie temperature-differences may exist depending on 
the rate of temperature variation of the surroundings. 
One would therefore expect considerable hysteresis 
effects to occur, and observation shows that such effects 

are appreciable when the rate of temperature variation 
is rapid. 


(c) Variation of Elasticity and Moment of Inertia 

with Temperature 

The modulus of elasticity, and the moment of 
inertia of the plate section, I, are both dependent on 
temperature. The modulus of elasticity of most metals 
falls slightly with temperature-rise, and since the moment 
of the section is a function of its dimensions, expansion 
of the metal will vary this value. The variation of .© 
for brass is about 0 ■ 03 per cent per deg. C. In a con¬ 
denser rotor with a vertical spindle, the vanes behave 
as cantilevers and will be deformed by their own weight. 
The deflection at the end of a uniformly loaded cantilever 
of rectangular cross-section is given by 



w-here W is the total weight of the metal and I is the 

distance from the free end to the support. For a typical 

brass plate, W = 0-2 lb., I = Z m.. E (for brass) = 10 

X 10® lb. per sq. in. at 20° C. and 9-85 x 10® lb. per 

sq. in. at 70° C. The moment of inertia of the section 
is given by 

I == hh^in . ( 14 ) 


possible that the supports may be sufficiently rigid t 
sustain the much smaller force required to maintai 
this deformation. The actual deformation for any give 
plate and support system could be calculated, bu 
usually the method of support is so indeterminate tha 
little would be gained by such an analysis. 

In many designs of condensers, notably where tern 
perature compensation is attempted, the active plates ar< 
guided or allowed to slide in grooves, and there is con 
siderable doubt whether the plates are free to expanc 
and remain fiat at all temperatures. To test the effeci 
of slight constraint on the performance of such a plate 
experiments were made on an aluminium specimen, 
Aluminium was selected because its modulus of elasticity 
is lower than that of copper, brass, or steel, its thermal- 
expansion coefficient is higher, and its sliding properties 
are inferior to those of the above metals owing to its 
structure. Consequently it is likely to represent the 
worst practical case. The dimensions of this specimen 
were 4* 5 in. x 2 in. x 0-066 in. and its weight was 
0-055 lb. It was well annealed before use and was 
placed on three fixed ^■'in. steel balls as shown in Fig. 7. 
The deformation was measured by the optical method 
described in Appendix 2. When the specimen was 



where 6 is the breadth parallel to the neutral axis and h 
is the thickness. Taking h = ^in., I = 1/3 072 at 20° C 
T ^ . S'ISOa 

^ ^ 3 ^ \ J 

the deflection 8 is 217-2 x 10-® in. at 20° C. and 214-0 
X 10 ® in. at 70° C. Although the end deflection of the 
cantilever due to its own weight is appreciable, the 
change in this deflection is only 3-2 x 10-®in. for a 
50-deg, C. change in temperature. Consequently it is 
apparent that this source of deformation is unlikely to 
produce effects at all comparable with those previously 
considered, and in fact the effects due to variation of 
elasticity and moment of inertia can be neglected. 


(d) Mechanical Constraint produced by Tempera¬ 
ture Variation 

In most fixed and variable air-condensers, considerable 
constraint is imposed upon the free expansion of the 
plates by the supporting rods and spacing collars. Often 
such rods are fixed to an insulating material which 
has a very different expansion coefficient from that of 
the metal, and, with temperature variation, bending 
moments are introduced. Consider the extreme case of 
an aluminium plate 3-| in. long, rigidly supported at its 
ends. A rise in temperature of 1 deg. C. will produce a 
deflection at the centre of 1 630 x 10“-®in. if it is 
assumed that the deformed shape is an arc of a circle. 
It is apparent that this deflection will occur whatever 
the width and thickness of the specimen. If the thick¬ 
ness is considerable, the force imposed at the supports 
by such a deformation is large, but for thin plates it is 



Fig. 7,—Dimensions of specimen. 

heated from 15° C. to 50° C. an upward deflection of the 
centre was noted of the order of 500 x 10-® in. and the 
behaviour was non-elastic, i.e. a long-period hysteresis 
effect took place on cooling. Such an eflect could not 
be explained by the release of residual stresses since 
these are certainly within the elastic limit in an annealed 
specimen, neither could it be due to temperature- 
gradient effects since these would tend to deflect the 
specimen downwards. It was noted that the beam 
had a slight upward bend before heating. 

The single supporting ball was now allowed to roll by 
being placed on a glass plane and the deflection wavS 
reduced to less than 5 x 10~®in. for the same tempera¬ 
ture-rise. It was clear from this experiment that the 
previous large deflection was due to the slight con¬ 
straint imposed by the contact between the fixed steel 
ball and the lower aluminium face. Now the moment 
of inertia of this specimen was 48 x 10-® lb. in.^ and 
the modulus of elasticity was 8 x 10® lb. per sq. in. 
The total load on the single ball was 0-088 lb., consisting 
of the sum of half the weight of the plate and the weight 
of one mirror (see Appendix 2). For a temperature- 
rise of 35 deg, C. the expansion of the beam between 
the supports is 2 570 x 10-® in,, and if the beam were 
completely constrained by these supports and bent into 
the form of a circular arc the upward deflection (assuming 

a slight initial upward camber) would be 58 000 x 10~®in. 


308 


THOMAS: THE ELECTRICAL STABILITY OF CONDENSERS 


Regarding the beam as an eccentrically loaded strut, 
as shown in Fig. 8, 


Fhl^ 

imi 


(15) 


or S = 0-000127F for this case, where F is the loading 
force on both edges of the strut. If S = 500 x 



Fig. 8.—Eccentric loading of strut. 


deflection at the centre of the beam. Keferrin.s^ tu i' il; . d, 
it is seen that the total fractional change in rapaidtam e 
for all the vanes is the same as would be obtaiiUHf il a 
fiat plate placed between two similar plates m<>\ed by 
an aniount S. The change in capacitance is ilrpeiidcet 
upon the air-gap on each side of the movinL’ plate. If 
the gap on one side is x and that on th<‘ othar si(ie 
(I — x), where I is the fixed sum of the two yao'^. thf*n 
the fractional increase in the total capacitaiu f.* is 


X 


8 ' / 


X' 


I 


X 


I -.- a? 



F — 3*9 lb., and since the loading on each support was 
0*088 lb. the coefficient of friction was 44. 

Such a value of the coefficient of friction may appear 
at first sight to be very large, but it is in fact quite 
possible ^ to obtain such a value for an aluminium-to- 
steel contact. Experiments on point contacts have 
shown that the coefficient of friction may be as high 
as 100 if the tangential force is applied sufficiently slowly. 
In this case the load was applied in such a manner since 
it was proportional to the expansion of the metal. 
Simple means of measuring the coefficient of friction by 
applying tangential loading do not give a correct value 
for very slow application of the load, owing to the 
impossibility of loading without shock. Further, all 
measurements of friction show a rapid increase in the 
coefficient as the velocity of the sliding contact is reduced, 
and the value at zero velocity is usually indeterminable. 
This result has considerable significance, for it means 
that the slightest constraint can give rise to appreciable 
eccentric forces which produce bending. 


(e) Relative Magnitudes of Distorting Effects 

^ It is now necessary to examine the probable changes 
m capacitance due to small deformations of the plates. 
For this purpose consider the type of distortion shown 
in Fig. 9, in which successive plates of a multi-vane 
condenser buckle in opposite directions. This is ob¬ 
viously the worst case and will set an upper limit to 
the possible changes in capacitance. The capacitance- 
change due to such buckling cannot readily be calculated 



Fig. 9. Effect of plate constraint. 


exactly since the electric lines of force will no longer be 
straight but a reasonable approximation can be adopted 
It will be assumed that if a flat plate bends intathe 
form of a circular arc, the change in capacitance between 
such a plate and a flat fixed plate is the same as would 
be obtained if the plate had remained flat but had 
moved by an amount 8/2, where 8 is the maximum 



The values of the two capacitances and C/} together 
wth their sum + Cjb) are plotted in Fig. 10 again.st 
the air-gap ratio xjl. It is obvious that small cluinge.s 
m gap will produce small changes in capacitance when 
the gaps on each side of the moving plate n.re equal 
(i.e. when k/Z = 0-5) but that the slightest departure 
from this value of xfl may give rise to appreciable 
changes in capacitance. In Fig, 11, the change in 
capacitance produced by small movements of tlu; 
central plate are plotted for three values of xjl. 

Making use of Fig. 11 together with the calculated 
and observed values of the distortion which mav be 
caused by the various factors previously discussed, 
a e has been compiled. The mean air-gap has 
been taken as 0 • 06 in. for this purpose. This table 
shows at a glance that if the air-gaps. are all exactly the 





309 


THOMAS: THE ELECTRICAL STABILITY OF CONDENSERS 


same, an appreciable increase in the temperature co- 
efiicmnt of capacitance can only be produced by con¬ 
straint effects, which could quite easily account for the 



Fig. 11.—Change in capacitance due to movement of central 

plate. 


Table 5 


Relative Magnitude of Distorting Effects 


Nature of distorting effect 

Probable 
order of 
deforma¬ 
tion for 
typical 
condenser 
vanes 
(millionths 
of an inch 
per 

deg. C.) 

Increase in temperature 
coefficient of capacitance 
per deg. C. 

due to plate distortion 


xll = 0*45 

II 

O 

• 

Residual stress (prob¬ 
able maximum for 
annealed metal) 

9 

A 

i 

0*2 

8 

i 

16 

Temperature gradient 
(probable maximum) 

15 

1*5 

60 

120 

Constraint (very little) 

20 

2 

80 

160 

Constraint (complete) 

1 800 

180 

7 200 

1 

14 400 


observed increments, 20-60 parts in 1 million. If, 
however, the gaps are very slightly unequal, the effects 
of slight distortion are far greater and the other dis¬ 
torting causes may become important. A change of 


gap from 0-51 to 0-45/ corresponds to 5 mils in this 
case. It is therefore important that the air-gaps shall 
be equal, to an accuracy of the order of 1 mil. This is 
certainly not the case in the great bulk of commercial 
condensers, and in fact it requires particularly fine 
workmanship to obtain such accuracy of gap spacing. 

Although the figures given in Table 5 are extreme 
values, the relative significance of the various distorting 
factors would remain unchanged for smaller distortions 
and it can be suggested with reasonable confidence that 
the effects of constraint are likely to be more responsible 
for high values of the capacitance coefficient than any 
other factor, and that the second most important factor 
is temperature gradient in the metal portions of the 
condenser. It should be possible to separate these 
effects in particular cases by examining the manner in 
which the capacitance varies on heating and cooling, 
since temperature-gradient effects should produce a 
cyclic performance whereas constraint effects are unlikely 
to do so. 

The observed coefficients of the order of twice the metal 
expansion-coefficient are readily explained in terms of 
plate distortion. In fact, it is clear that great care 
must be taken in construction in order to obtain a 
coefficient as low as twice the metal value. To eliminate 
these distorting effects altogether requires considerably 
more care in detailed design than has hitherto been 
given to the matter. 


(6) EFFECTS OF PHYSICAL PROPERTIES OF 
INSULATING MATERIALS UPON CAPACI¬ 
TANCE OF CONDENSERS 

In the case of built-up solid-dielectric condensers, the 
electrical stability is dependent chiefly upon the pro¬ 
perties of the insulating material, but may also be 
affected by the changes in conflguration produced by 
mechanical stresses set up by temperature variation. 
In solid-dielectric condensers having electrodes de¬ 
posited on an insulator, the electrical stability is 
entirely dependent upon the properties of the dielectric 
material. In air condensers the capacitance of the 
soHd-dielectric portion is usually small compared with 
the whole, and consequently changes in the permittivity 
and electrical power-loss of the solid portions are of less 
importance. Nevertheless, for some insulating materials 
an appreciable contribution to the net coefficient of 
capacitance may be made by the solid dielectric. It is 
therefore necessary to examine the changes in the elec¬ 
trical properties of insulating materials suitable for use 
in condensers designed for radio-frequency purposes, 
and, in view of the fact that the mechanical location of 
the stator assembly in the case of variable air-condensers 
is often entirely dependent upon the rigidity of the 
insulator supporting this stator, it is further necessary 
to study the mechanical properties of such materials. 

Some selected insulating materials suitable for use at 
radio frequencies may be grouped as shown below. 
Descriptions of the properties and methods of manu¬ 
facture of these materials have been published .* 

* See References (1), (2), (5), (7), (9), (32), (33), (34), (35), (55), (61), (70), (72), 
(83). 
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Natural 

minerals 

Natural 

resins 


Vitrified 

substances 


Rubber 

substances 


Synthetic 

plastics 


Ceramic 

substances 


Mica 
Quartz 
Rock salt 
Tourmaline 
/ Amber 

1 Shellac 

Fused silica 
Glass 
Porcelain 
Pyrex glass 

Steatite (talc base; hydrated magnesium 
silicate) 

Ebonite 
Keramot 
Bakelite 
Celluloid 
Paxolin 
Pertinax 
Press-spahn 
Trolit 
Trolitax 
I Trolitul 
Sinterkorund 1 
Isomar j 
CaHt 
Calan 

Ultra-calan 
Frequenta 
Frequentite 
Ardostan 
Sipa 


Aluminium-oxide base 


Magnesium-oxide base 


Miscellaneous 

substances 


Condensa 
I Kerafar 
I Tempa 
r Fibre 
-j Mycalex 
Wood 


Aluminium-oxide 
I "h Magnesium-silicate 
base 

Titanium-dioxide base 


conditions were adopted in all the iiiea.surernents giving 
values of the temperature coefficient of permittivity as 
set out in Table 6. For instance, the value for mica 
obtained from measurements at the National Pli5*sical 
Laboratory using mercury electrodes was less than 
-j- 20 parts in 1 million, whereas Haiidrek^®' gives a value 
of -f 100 parts in 1 million. It is also si;ated by Handrek 
that pronounced ageing and non-cyclic behaviour took 
place in the samples tested, which he attributes to the 
properties of the dielectric. As a further example of 
such non-cyclic behaviour, Rohdef cites the case of 
certain mica condensers and shows that tliere ma,y be 
considerable differences between individual samples. 
For difierent individual cases the capacitance-clianges 
produced by .temperature variation diller in both 
magnitude and sign. Rohde shows that ageing occurs, 
the behaviour becoming more cyclic as tiie iiiimber of 
thermal cycles is increased, and concludes from these 
results that the temperature coefficient of capacitance is 
rarely constant over an appreciable temperature range 
and the stability of mica condensers is rarely better than 
200 parts in 1 million. It seems possible that these 
effects may be due to varying experimental conditions 
and not to the mica. 

The value of the temperature coefficient of permittivity 
of vitrified substances, such as glass and porcelain, is 
high. Rubber substances or synthetic plastics are 
usually unsuitable for use as insulators in condensers 
where a high degree of electrical stability is desired, 
owing to their poor mechanical rigidity [see Section 

The mechanical properties of ceramic rnaterials are 
so much superior to those of most other insulating sub¬ 
stances that their use is now becoming moie g(sieraL 
Certain of these'materials, such as Calit, CaLni, Ultra- 
calan, and Frequenta, have temperature u)cflui(nts of 
permittivity of about + 100 parts in 1 million iK.r deg. C. 
and a^ permittivity of about 6, whereas certciin other 
materials Condensa, Condensa C, and Kerafar—have 


(a.) Change of Permittivity with, Temperature 

The values of the permittivity and of the temperature 

coefficient of permittivity, together with the electric 

strength, of these dielectrics are tabulated in Table 6 

the small figures to the right of each value referring to 

the authority for the measurements (see References). 

The permittivities of most of these substances lie between 

2 and 8, with the exception of those of Condensa and 

Condensa C, which are 40 and 80 respectively. The 

change of permittivity with temperature is usually 

positive, the value lying between + 100 and -f 600 parts 

m 1 million per deg. C., excluding glass, Condensa, and 
i empa. 

For^ certain natural substances sucli as quartz and 
mica, there appears to be considerable divergenev of 
opinion regarding the value of this coefficiLt, the 
accurate determination of which necessitates the use of 
electrodes which must be in very close contact with the 
dielectric mder test. It has been shown that this can 
only be achieved with the necessary precision by the use 
o mercury- electrodes,* by sputtered or evaporated 
conducimg films, or by metal sprayed on to the dielectric. 

IS ou ul whether these necessary experimental 
• See References (37), (4S). 








90 being obtained by the use of a titanium-dioxide base 
A further effect of the use of this oxide is an o,ppi’eciabl( 
negative temperature-coefficient of permittivity, thii 
being - 350 parts in 1 million for Condensa, and 72( 
parts in 1 million for Condensa C. The reason for this 
negative coefficient is at present iiiiknown, but it is 
very naturally attributed to a curious inolecuia] 
structure.^ It is claimed tha,t intermediate values oi 
permittivity can be obtained by varying the aniount oi 
■titanium oxide in. the materiaLJ Recently, a new 
msulator known as “ Tempa ” has been produced having 
the comparatively small negative coefficient of — 20 
parts m 1 million per deg. C.§ 

It would be anticipated that, when metal films w'ere 
e^sited on such ceramic dielectrics by electrolytic or 
otner means, the observed behaviour of the condenser 
so formed would be sensibly similar to that of the 
dielectric itself. This is found to be the case- obser- 
v^ions <5® Calit and Condensa tabular condensersll 

^ substantial agreement with the 
pubhshed values of the temperature coefficient of per¬ 
mittivity of these materials tabulated in Table 6, but it 


* See Reference (32). 
§ Ibid., (82). ^ 


t Ibid., (66), 


t Ibid,, , 
jl lUd., (32), (33 
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should also be noted that the observed behaviour was 
not perfectly cyclic in the case of Calit and definitely 
non-cyclic in the case of Condensa. Published values of 
the ageing of ceramic materials*^' confirm the view that 
capacitance-changes of the order of 100 parts in 1 million 
may occur after each thermal cycle of 40 deg. C. The 
ageing or non-cyclic electrical performance of such sub¬ 
stances when subjected to consecutive thermal cycles 
is far less than that obtained for rubber or plastic sub¬ 
stances, but nevertheless it is often of sufficient mag¬ 
nitude to produce appreciable instability of capacitance. 

As already pointed out, the temperature coefficient 
of ca.pacitance of a variable air-condenser is affected 
to some extent by the permittivity coefficient of the 
solid insulating material. The effect is naturally greatest 
when the capacitance due to the solid dielectric is an 
appreciable fraction of the total, i.e. at the minimum- 
capacitance position of the rotor. 

For a typical commercial variable air-condenser, the 
ratio of the capacitance of the solid dielectric to the 
total capacitance is about | at the minimum-capacitance 
position and about 1/50 at the maximum. Consequently, 
if the temperature coefficient of permittivity of the 
dielectric material is -f 100 parts in 1 million per deg. C., 
the net temperature-coefficient of capacitance of the 
condenser can be increased by as much as -j- 50 parts in 
1 million at the minimum, rotor setting but only by -f 2 
parts in 1 million at the maximum rotor position. This 
factor is thus by no means negligible and care must be 
taken to reduce as far as possible the capacitance due 
to the solid dielectric. 

(b) Electrical Losses 

The selection of the most suitable insulating material 
for supporting the stator assembly is not dependent only 
on the value of its temperature coefficient of permittivity, 
since it is also necessary to obtain a low power factor. 
The values of the dielectric-loss angle or power factor 
of certain selected insulating materials are tabulated in 
Table 6, the published measurements being given for 
the frequency range 0-5--100 megacycles per sec. 
These values have been obtained by different methods 
of measurementj' and show quite definite and serious 
discrepancies. For instance, the power factor of amber 
is given as 30 X 10"^ by one authority and 330 x 10~^ 
by another, Calit as 3 x 10“"^ or 14 x lO-^-, Pertinax 
as 60 X 10"“^or 1 000 X lO'”^ PyrexglUvSS as 1*2 x 10”^ 
or 27 X 10“^, and Trolitul as 1 *5 X 10“^or 8*0 X 10“^. 
(See Table 6 for authorities.) These are a few of the 
most obvious discrepancies, but similar though smaller 
differences are noticed in most cases. 

Although these discrepancies can be accounted for by 
the non-reproducibility of the materials in certain cases, 
this is certainly not true for natural substances or for 
many synthetic materials having a definite chemical 
composition and precise conditions of manufacture. The 
inevitable conclusion is that the existing methods of 
measurement require a thorough critical examination 
with the object of ascertaining more precisely the 
value of the power factor of many of these insulating 
materials, 

t Ibid., (10), (dl), (43), (49), (5S (66), 


From the existing information, it appears that natural 
substances such as mica, quartz, and tourmaline, have 
low electrical losses, as have also most of the ceramic 
substances such as Calit, Calan, Ultra-calan, Condensa,* 
and Frequenta. Kerafar,! on the other hand, appears 
to have a large loss-angle, and the synthetic plastics 
tend to have high values, though that of TroHtul 
is low. 

The effect of temperature-rise is to increase the power 
factor J appreciably, but this will not affect the stability 
of the condenser; in fact, the study of the electrical 
losses is only a subsidiary problem to the main investi¬ 
gation, It is necessary, however, to keep it in mind in 
designing a condenser, since a material which is suitable 
from the point of view of its other electrical and mechani¬ 
cal properties may have to be rejected on account of its 
high dielectric loss. For example, in the maintenance 
of oscillation by valves, such losses can be regarded as 
a decrease of the total effective equivalent shunt resis¬ 
tance of the circuit. In fact, if the circuit consists of 
an inductance of loss angle a [where tan a = E/{a)L)] in 
parallel with a condenser of capacitance G and loss 
angle 8, the total equivalent shunt resistance is given by 

1 

a)0(tan a -}- tan 8) ^ 

It is this shunt resistance which determines the upper 
limiting value of C consistent with maintenance of 
oscillation in a given assembly of circuit and valve. As 
a convenient approximation for present purposes, the 
condition for maintenance can be put in the form 

I 

(joG (tan (X -j- tan 8) 

where N is an effective negative resistance produced by 
the valve. Now a will vary from, say, 20 x 10“^ for 
a really good coil at frequencies of 1 megacycle per sec. 
or less, to 200 x 10-^ or even more at frequencies of 
tens of megacycles per sec. In general, therefore, it will 
be a very much larger quantity than 8, which can usually 
be reduced to the order 10“*^ or less. In this sense, 
therefore, the loss angle of the condenser will in nearly 
all cases be a minor factor in the total losses. This point 
is emphasized in Appendix 3, which shows how large 8 
may be at various frequencies without adding more than 
10 per cent to the resistance of a t3q)ical circuit. It 
must be noted, however, that in some cases, particularly 
at very short wavelengths, when everything practicable 
has been done to minimize the coil loss-angle a, the 
quantity (a>(7 tan a) may be of such a magnitude relative 
to the available effective negative resistance that the 
small residual term {coG tan 8) will actually become 
the important limiting factor in the maintenance of 
oscillation. 

Briefly, therefore, condenser loss is, in nearly all 
practical cases, very small indeed compared with other 
sources of loss in the circuit, particularly coil resistance, 
and is correspondingly unimportant in relation to oscil¬ 
lation except in those cases where a very narrow margin 
of available power makes all the loss-factors of practical 
significance. 

* See References (61), (70). 

t (5), (61). t (45), (48), (49). 


* See Reference (56). 



Table 6 

Electrical, Properties of some Selected Insulating Materials 
(Figures in small type ndicaie the ref erences in which the authority for the values is given) 
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Table 7 

Mechanical Properties of some Selected Insulating Materials 
{Figures in small type indicate the references in which the authority for the values is given) 
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(c) Mechanical Properties 

However excellent a solid dielectric may be from the 
point of view of dielectric-loss and constancy of per¬ 
mittivity, it is unsuitable for supporting the stator of 
an air condenser if its mechanical rigidity is inadequate. 
This criticism applies particularly to all the S 5 mthetic 
plastics and rubber substances which are known to flow 
and distort under the application of quite small mechani¬ 
cal forces.* Although many substances in this class are 
used in small commercial condensers, tests have shown 
that a high degree of stability cannot be expected when 
such materials are employed. On the other hand, cer¬ 
tain natural minerals, vitrifled substances, and ceramic 
materials, possess a high degree of mechanical rigidity 
and are now being employed more generally in condenser 
construction. 

Published values of the mechanical properties of a 
selected number of such substances are given in Table 7. 
It is seen that the tensile strength of these materials is 
about one-eighth that of mild steel (about 38 tons per 
sq. in.) and that the crushing strength is quite high. 
The transverse strength or modulus of rupture bears the 
same ratio to the tensile strength as for most metals, 
but the impact strength has a value of about l/200th 
that of mild steel; in other words, these substances are 
very brittle. The modulus of elasticity is about half that 
of steel (13 500 tons per sq. in.). The temperature co¬ 
efficient of expansion varies between 1 and 8 parts in 1 
million per deg. C., and this small expansion is of great 
value in many applications of such substances. The agree¬ 
ment between the values given by different authorities is 
far better than that noticed in the case of the electrical 
properties, probably owing to the fact that mechanical 
measurements are far easier to carry out accurately. 

Now although a considerable amount of data is avail¬ 
able on the general mechanical properties of these sub¬ 
stances, this information is not of great value in selecting 
the most suitable material for any particular purpose, 
since the stress imposed on such insulating members is, 
in all practical cases, very small. In many designs of 
condensers such insulators take the form of strips of 
rectangular section supporting the stator assembly and, 
assuming that the clamping arrangements are adequate, 
the electrical stability of the condenser is dependent upon 
the permanence of the location afforded by such strips. 
In other words, it is necessary to know whether the 
geometrical shape of such materials is affected by tem¬ 
perature-change. 

The mechanical stability of bakelite has been 
examined! and it has been shown that appreciable 
bending and distortion of shape takes place with tem¬ 
perature-rise, which is attributed to the release of internal 
stresses. Synthetic plastics are also known to have a 
very poor mechanical stability,! and experiments on the 
stability of marble§ have shown that such a natural 
substance is liable to appreciable instability on repeated 
thermal treatments over quite a small temperature-range 
(0-40° C.). It has been found that the coefficient of 
expansion of marble (about-f 6 x 10“® per deg. C.) 
varies with temperature and is actually negative at 
temperatures about and below 0° C.; also marble shows 

* See References (14), (39). t !bid., (54). $ Ibid., (39). § Ibid., (67). 
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continual growth when subjected to repeated thermal 
cycles. Further experiments on porcelain showed no 
trace of such non-cyclic behaviour, from which it was 
concluded that amorphous substances fused at high 
temperatures are likely to be more stable than natural 

Table 8 


Results of Tests on the Mechanical Deformation 
OF Certain Insulators due to Temperature- 
Change 


Material 

Deflection at 
centre of beam 
for 33 deg. C. rist 
in temperature 
(millionths of 
an inch) 

i Thermal 
performance 

Notes on mechanical 
behaviour 

Bakelite 

2 800 

Non- 

cyclic 

Permanent set of 
2 000 X 10-«in. 

Bakelite .. 

3 900 

Non- 

cyclic 

Permanent set of 
2 100 X 10-8 in. 

Calit 

10 

Cyclic 

— 

Condensa .. 

19 

Cyclic 

-- 

Ebonite 

18 500 

Nearly 

cyclic 

i 

Keramot .. 

4 200 

Nearly 

cyclic 

Permanent set of 
320 X 10-8in. 

Keramot .. 

5 200 

Nearly 

cyclic 

Permanent set of 
300 X 10-8 in. 

Marble 

^ 300 

Nearly 

cyclic 

— 

M^xalex 

156 

Nearly 

cyclic 

— 

*Quartz (fused 
silica) 

100 

Non- 

cyclic 

No return on cool¬ 
ing 

Quartz (py- 

rex glass) 

45 

Nearly 

cyclic 

— 

Steatite 

90 

Nearly 

cyclic 

— 


Only one specimen *was examined, and the non-cyclic behaviour observed 
may not be a general characteristic of this material. The result is nevertheless 
important and shows that fused silica ca nn ot safely be assumed to be cyclic in 
behaviour under temperature-change. ^ 

substances, owing to the presence of cleavage planes in 
the latter. 

It was considered, advisable, therefore, to carry out 
tests on the mechanical stability of a few t37^pical insu¬ 
lating materials when subjected to temperature-change. 
For this purpose, a standard size of 4 in. x 2 in. x 0*2 in. 

was adopted and the specimens were examined by means 

* See Reference (67). ■ 


of the optical method described in Appendix 2. The 
results of these tests are tabulated in Table 8. It is seen 
that the distortion of shape produced by temperature 
varia.tion was large for bakelite, ebonite, and keramot, 
and was very small for the two ceramic materials which 
were tested; mycalex, steatite, and quartz had inter¬ 
mediate values. In several of these cases a permanent 
bending moment was applied by loading the centre of 
the beam, and no appreciable change of deformation 
was noted, suggesting that the effects were due to the 
release of quite appreciable stresses. 

It is not easy to derive the probable distortion for a 
beam of different section, since it would be unwise to 
assume inverse proportionality between the distortion 
and the moment of inertia of the cross-section, but it is 
likely that the effects would be greater if the section 
were reduced. Taking a typical stator-supporting s^^s- 
tem consisting of tw^o beams of insulating material, it 
appears probable that the movement of the stator in 
a direction parallel to the rotor axis may be about 
20 X in. for a 33 deg. C, rise in temperature in the 
case of ceramic materials such as Calit or Condensa and 
of the order of 5 000 x 10in. for materials such as 
bakelite. Assuming that the distortion is proportional 
to temperature, and referring to Fig. 11, it is clear that 
this distorting effect will produce a negligible capaci¬ 
tance-change in the case of Calit or Condensa but may 
be responsible for an increase of several hundred parts 
in 1 million in the temperature coefficient of capacitance 
in the case of bakelite, particularly if the original gap 
spacings are unequal. It appears, therefore, that a 
reasonably high degree of mechanical stability with 
temperature-change is required and that natural mineral, 
ceramic, and vitrified substances, are much superior in 
this respect to rubber substances or synthetic plastics. 

Although such ceramic materials can be moulded to 
quite accurate and small shapes,* it is impossible to 
machine such materials by ordinary methods. Many 
of these substances can only be cut by a dkimoiid saw, 
and grinding methods are necessary to obtain accurate 
dimensions. Nevertheless, the texture is such that high- 
grade parts can be produced if care is taken to use the 
most suitable methods of machining. 

(7) EFFECTS OF THERMAL PROPERTIES OF 
MATERIALS UPON CAPACITANCE OF CON¬ 
DENSERS 

An examination of the curves relating capacitance- 
change with time, when the temperature of the surroiind- 
.ing air was changed rapidly over a large range, shows 
that this change lags behind the temperature variation 
to a varying extent. In some cases this time-lag was 
merely a few minutes, whereas in others it amounted 
to several hours. This phenomenon is due to the dif¬ 
ferent thermal properties of the various portions of the 
condenser, produced by the large differences in surface 
conditions, mass, and specific heat, of the various parts. 
If the thermal constants of the different members are 
appreciably different, the capacitance-change which takes 
place after a temperature-rise has been made and main¬ 
tained for a long period may be very different from the 
maximum transient changes WT'hich exist during the 

* See References (35), (55). 
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stabilizing of the temperature of each part. In many 
cases where a low temperature-coefficient of capacitance 
is obtained if the temperature variation is slow, the 
niaximuni change of capacitance may be far greatex* 
when rapid temperature-changes occur, and in certain 
applications of condensers it is necessary to limit such 
transient capacitance-changes. This factor is of special 
significance in the design of temperature-compensated 
condensers, for, although it is possible to design a satis¬ 
factory compensating arrangement for slow temperature- 
variations, it is exceedingly difiicult to obtain continuous 
compensation during a rapid change of temperature of 
the surroundings. 

This aspect of condenser design has hitherto been 
entirely neglected, but a perusal of actual results obtained 
on typical condensers shows that it is of primary im¬ 
portance in the production of satisfactory means of 
stabilization. The study of the thermal properties has 
an additional value in the fact that a thermal analysis 
of a condenser affords a ready means of delineating the 
various types of distortion which occur with temperature 
variation. If the thermal time-lags of the various por¬ 
tions can be calculated, it should be possible from the 
form of any cap£icitance-change obsei'vation to isolate 
the various contributory factors. 

For thermal analysis, an air-dielectric condenser may 
be regarded as made up of the following separate 
portions:— 

Stator assembly (or one electrode system, in fixed 
condensers); 

Rotor assembly (or the other electrode system, in fixed 
condensers); 

Frame 

Insulation. 

In all cases, the stator and rotor are distinct thermal 
entities and so is the insulator, but the frame is often 
in good metallic contact with the rotor and can be 
regarded as pcirt of it. In certain cases, where a massive 
frame is used, the contact to the rotor is such that a 
better approximation is obtained by considering the 
frame separately. 

Although in the tests described in Section 3(b) the 
change in the temperature of the surroundings was not 
immediate, it was an approximation to this condition, 
and for the purposes of analysis it will be assumed at 
this stage that an immediate change of temperature of 
the surroundings took place. Postulating this condition, 
the problem resolves itself into the determination pf the 
rate of change of temperature in the various portions 

. /Am JL 

of the condenser assembly. 

(a) Methods of Heat-Transfer and Determination 
of Theoretical Heating Characteristics 

The rate of temperature-rise at the centre of a body 
when the surroundings are suddenly raised in tempera¬ 
ture is dependent upon the rate at which heat enters 
the surface and passes inwards from that surface to the 
centre. The three modes of heat transfer—conduction, 
radiation, and convection*—must be considered sepa¬ 
rately and then combined. 

The conduction of heat through bodies of various 


shapes, initially at a uniform temperature 0q, when the 
temperature of the surfaces is altered to, and maintained 
at, a value 0^, is most conveniently expressed by Fig. 12, 
reproduced from a paper by A. Schack.*'* In this figure, 
0 — temperature at centre of body, l = time in seconds, 
k ~ thermal conductivity of material, s ~ specific heat 
of material, k/(sp) == difiusivity of material, and p — den¬ 
sity of material. It must be remembered that this 
theoretical curve only applies to practical cases if the 
surface layer is immediately changed in temperature. 
Usually this bounding layer has a coefficient of heat 
transfer between the surface and the surroundings. Now 
lc/(sp) is 0 • 34 for brass and 0 • 83 for aluminium, and taking 
a thick rotor or stator plate in which d = 0*2 cm it is 
readily seen that the time taken to heat the entire plate 
is about 0 • 044 sec. for brass and 0-018 sec. for aluminium. 
In the case of large thermal insulators, however, the 





Fig. 12.—Temperature at centre of bodies of various shapes. 

1. Slab, d = thickness. 

2. Square bar, d == side. 

3. Long cylinder, d — diameter. 

4. Cube, d == side. 

6. Cylinder, length — diameter, d — diameter. 

6. Sphere, d = diameter. 


effects of thermal conductance have an appreciable effect 
upon the rate of flow of heat. 

Assuming perfect conductivity, the rate of tempera¬ 
ture-change due to radiation is given by the expression 


-(arc tan 0/0-, + arc coth 0/0i) 

— (arc tan 02 / 0 i + arc coth 02 / 0 i)] . (1^) 

where 

m = mass, in grammes; ^ ^ 

e — emissivity of surface, in calories per cm^ per 
sec. per deg. K; 

= emissivity coefficient (100 for perfect black-body 
radiator) x Stefan’s constant 
(1*37 X 10 “^^ calorie per cm^ per sec. per deg. K.)t 


* See Reference (60). 

t °K. signifies the absolute scale of temperature, on which 0° C. 


=» 273° K. 
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^4^ = effective area submitted to radiation; 

9i = final temperature of body and surroundings (°K.); 
d == temperature at time t (°K.); 
and 

02 — initial temperature of body (°K.). 

The derivation of expression (19) is given in Appendix 4. 
The equation deals with the case where the body is 
cooling, i.e. 6^ < d^- The law for heating is obviously 
identical. 

The value of the function 

(arc tan + arc coth BjOi) 

— (arc tan coth 0.J9,) . (20) 



Fig. 13 

Upper curve: Radiation law. = 293“ K., 6^ == 333“ K. 
Lower curve: Convection law. = 293“ K., 62 — 333® K. 


for the values of 6^^ = 20° C. and 6^ = 60° C. is plotted 
in Fig. 13(dj). These values cover the range of oven tem¬ 
perature used in the tests on condensers. From this 
characteristic, it is possible to determine the temperature- 
change which occurs in any given time for a cooling 
body whose constants are known, due to radiation only. 

The rate of temperature-change due to convection is 
given by the expression 


4m$r 1 


A,G 


.{d - d,)i [6. - OA 




( 21 ) 


where 

Ac ~ effective area submitted to convection currents 

and 

C = convection coefficient, in calories per cm^ per 
sec. per deg. K. 

The derivation of this expression is given in Appendix 5. 
The value of the function 

1 1 

■ ■ ■ ( 22 ) 

for the values 6^ = 20° C. and 0^ — 60° C. is plotted in- 
Fig. 13 (^)). From this characteristic it is possible to deter¬ 
mine the temperature-change which occurs in any given 
time, owing to convection only, in a cooling body whose 
constants are known. 

The combination of these two heat-losses is best done 
graphically. Referring to Fig. 14, let tlie convection 
and radiation characteristics be plotted. Then, taking 
any convenient small unit of time OA, tiie fjill in tein- 



Fig. 14.— Method of deducing cooling curve froin radiation 

and convection characteristics. 

perature due to convection is BC and due to radiation 
is BD. The total fall is therefore BE = BC + BD. 
Now in the next equal unit of time AF, the fall in 
temperature will be GH JK = LM, where NG = OJ 
~ AF. By continuing this construction for each suc¬ 
ceeding interval, the final characteristic can be deter¬ 
mined. Any degree of accuracy can be obtained by 
making the time-intervals sufficiently small. 

By inverting any of these curves, the corresponding 
heating characteristic is obtained, but in all cases this 
deduced characteristic is applicable only to the case when 
the external temperature is suddenly changed. In the 
actual tests this was not the case, and if the rate of the 
oven temperature-change is known, it is possible to 
deduce the temperature-change of the body by means 
of a graphical construction. Referring to Fig. 16, let 
the calculated temperature-rise of the body and the 
measured temperature-rise of the surroundings be as 
shown. Then in unit time OA, the temperature of the 
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body would have risen by an amount AB, if the 
surroundings had immediately changed from O to C. 



Fig. 15.—Method of deducing heating curve for defined 
temperature-change of surroundings. 


The mean temperature of the surroundings during this 
period is, however, AD/2, and so the actual rise in tem¬ 
perature will be given approximately by 


AE = AB X 


AD 

20C 


By continuing this construction for succeeding intervals 
of time, the final theoretical characteristic can be ob¬ 
tained, the accuracy depending only on the number of 
intervals chosen. For the purpose of illustrating the 
method of construction, a large time-interval has been 
selected, but in all actual characteristics deduced by this 
method the time-interval was much smaller. 

Before this analytical method can be applied to an 
actual case it is necessary to determine the value 
of the convection coefficient C, the remaining con¬ 
stants involved being known for metals and some other 
substances.* 

(b) Determination of Thermal Constants of Metals 

and Insulators 

For the purpose of determining the value of the con¬ 
vection coefficient 0 for still air, a cylindrical metal can 
was used in which the diameter was equal to the length. 
This can was polished and filled with water, the total 
water equivalent of the combination being 456 grammes. 
A cooling curve was taken, and since the emissivity 
coefficient for polished tin is 5 per cent, the heat lost 
by radiation was small. It was found from this test 
that a convection coefficient of 0-64 X 10”^ calorie per 
cm^ per sec. per deg. K. gave exact agreement between 
the deduced and observed cooling curves. Further 
experiments with metal cans of varying shapes and sizes 
and different surfaces gave good agreement between the 
rates of cooling as observed and as predicted from the 
known thermal constants. 

To test the validity of the constants and the applica¬ 
bility of the method to cases involving the cooling of metal 


Table 9 


Constants of Materials used in Condensers T, 


U, V, W, and X, FOR THE TEMPERATURE RANGE 0-100° C. 


Material 

Density 

(p) 

Coefficient of 
expansion (a) 

Specific heat 
(«) 

Thermal 
conductivity (&) 

Diffusivity 

[kIM] 

Emissivity coefficient 

Keraniot 

. 

grammes/cm3 

1*7 

parts in 10<» 

-j- 40 to -j- 70 
(variable) 

1 

0*23 

0*0057 

. 

0*00147 

per cent 

Smooth 70 (approx.) 

Rough 90 (approx.) 

Mycalex 

2-45 

-|- 6 

1 

0-22 

0*0014 

0-00268 

95 (approx.) 

Brass .. .. ' 

8-10 

! 

4* 18* 9 

0*074 

j 

0*204 

0*339 

Polished 5 

Matt 21 

Lacquered 65 (approx.) 

Aluminium 

2-71 

+ 25*5 

0*214 

0-480 

0*826 

Polished 4 

Rough 7 


Now during the next time-interval AJ, the temperature 
would have risen from F to G, where FH = OA — AJ, 
if the surroundings had been at the final temperature C; 
but the mean temperature of the air is (AD -f JL)/2, 
and consequently the actual temperature at the end of 
the second time-interval will be 

JM = AE 4- GH ( -^20C~ ) 


bodies, tests were made on various masses, the tem¬ 
perature at the centre of each being measured by an 
embedded thermocouple. It was found that the rate 
of heat-transfer from the surface to the centre \vas so 
rapid that the mass could be considered a perfect thermal 
conductor for all practical purposes. ^ If this is so for a 
body in which the ratio mass/area is large, it will be 

* See References (16), (18) (42), (5S), (62), (68), (69), (78), (86), (87). 

21 
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more nearly true for the metal portions of a condenser 
in which this ratio is usually very small. 

Turning now to the insulator, experiments were carried 
out in a similar manner to determine the thermal proper¬ 
ties of the materials used in condensers T, U, V, W, and X, 
namely keramot and mycalex.*^' In both these cases, 
various shapes were taken and a thermo-junction was 
embedded in the material. By plunging it into hot water 
and observing the rate of change of temperature at the 
centre, the diffusivity of the material was determined. 
Cooling curves in air were also obtained, giving approxi¬ 
mate values for the emissivity coefficient. It was found 
from the tests that, for small sections of insulating 
material, the rate of change of temperature due to con¬ 
duction was much more rapid than that due to radiation 
and convection. Consequently, to a fair degree of 
accuracy, it is possible to regard the body as a perfect 
thermal conductor having specified surface conditions. 
For all the cases involved in the tests, this treatment 
was found to be valid. 

Lastly, the specific heat of the materials was measured, 
from which the thermal conductivity was readily cal¬ 
culated. The values for these materials are given in 
Table 9, and for the sake of completeness the known 
constants of brass and aluminium are added, together 
with approximate values of the density and expansion- 
coefficient of the insulating materials. 

(c) Application of Analytical Methods to Resolu¬ 
tion of Factors producing Capacitance-change 

In applying the foregoing thermal method of analysis 
to the observed capacitance-changes for different cases, 
it must be reahzed that an actual condenser is a complex 
thermal system and that precise calculation is impossible. 
Nevertheless, considerable agreement has been obtained 
between the observed and calculated performance. 

Taliing Condenser U (see Table 2) as a typical example, 
the dimensions, mass, and. thermal characteristics of each 
part were obtained.. These were as follows:— 

Stator (one plate assembly): 

^2.ss =158 grammes. 

Total air surface = 200 cm^. 

Specific heat = 0*074 (brass). 

Emissivity = 65 per cent (lacquered surface). 
Rotor (including shaft): 

=317 grammes. 

Total air surface = 375 cm^. 

Specific heat and emissivity same as for stator. 
Insulation (one plate): 

== 158 grammes. 

Total air surface =157 cm^. 

Specific heat = 0 • 22 (mycalex) 

Emissivity = 95 per cent. 

From these data, the calculated heating curve for each 
part was obtained. This is shown in Fig. 16. It is 
observed that the rate of change of capacitance closely 
followed the calculated temperature-rise of the mycalex 
insulator, and consequently it is difficult to escape from 
the mference that the observed temperature-coefficient 
of capacitance in this case was due to the deformation of 

* See References (30), (51). 
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the insulating material. The rate of temperature-rise of 
the metal portions was much greater than that of the 
insulator. 

In a further case (Condenser V) a similar method of 
analysis was adopted, and the observed and calculated 
temperature variations are shown in Fig. 17. 

In this case, the performance was non-cyclic, due to 
the fact that keramot possesses poor rigidity and when 
distorted by a rise in temperature only partially returns 
to its original state. 

The insulating material may not alwa 3 ^s be responsible 
for long-period time-lags, condenser X being an example 
of this type. In this case (see Fig. 18) the initial change 
in capacitance appeared to be due to the expansion of the 
metal rotor and stator, and the mycalex insulation; in 
fact the observed characteristic was a mean between 
these two calculated curves. Flere, however, a longer- 
period change took place, ownng to the slow temperature- 
rise of the heavy frame casting, the expansion of which 
produced a shift of relative stator position, cansing a 
reduction of capacitance. 

Condenser P had very thin plates, and the iiisnlation 
consisting of four keramot washers played an imini] 3 or- 
tant part in the mechanical system. After the insulating 
material had been thoroughly dried, the capacitance- 
changes with temperature-variations were nearly cyclic 
and the coefficient was low. In this case the thermal 
properties of the two fixed-plate assemblies only need be 
considered, since expansion of the short mycalex bars did 
not affect the relative position of the plates. The con¬ 
stants for one plate assembly were as follows :-~ 

Mass =310 grammes. 

Total air surface = 900 cm^. 

Specific heat = 0*074 (brass). 

Emissivity = 5 per cent (polished). 

The calculated performance is shown in Fig. 19, from 
which it is seen that the thermal-lag in this case is very 
small and agrees closely with the calculated behaviour 
of the metal plates. 

It has already been pointed out that large transient 
capacitance-changes may occur when the temperature of 
the surroundings is altered rapidly, and that it is desirable 
to reduce such effects. This can be done by so designing 
the condenser that the rates of loss and gain of heat of 
each portion are similar. If this condition is satisfied, 
no temperature-differences will exist between the various 
parts of the assembly, irrespective of the type of thermal 
cycle applied to the surrounding air. Equations (19) and 
(21) show that this requirement can be satisfied if the 
values of the quantity (mass x specific lieat/area) and the 
em^issmty coefficient of each part are both similar. The 
emissivity coefficient can be altered within wide limits 
^ y polishing, roughening, or painting the surfaces, but it 
IS more difficult to obtain equality between the values 

^ specific heat/area) for the insulating and 
metallic positions. 

^ In the cases of solid-dielectric condensers, where the 
interior is inaccessible, the effective specific heat of the 
condenser considered as a thermal body is unknown If 
a valne is selected to give agreement between the ob- 
served and calculated heating characteristics, it is found 
that the forms of the characteristics agree, and conse- 
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quently it is permissible to look upon the condenser as a 
perfectly conducting mass having a definite specific heat 
which is obtained experimentally. The time-lags of such 
condensers are far greater than those of air condensers, 
and the effective specific heat varies considerably. Owing 
to the large difierences in design and the absence of 
linowledge regarding the inner construction of most of 
the solid-dielectric condensers which were tested, no 
attempt has been made to correlate the experimental 
specific-heat value with the specific heat of the materials 
used in the construction. 

The agreement between the calculated and experi¬ 
mental observations of the rate of capacitance-change 
with temperature variation is such that this method of 
anatysis can be adopted for the resolution of many 
problems connected with condenser design. The method 
not only enables the various causes of distortion to be 
separated but also indicates the factors which produce 
non-cyclic behaviour in specific cases. 


(8) DESIGN OF AIR-DIELECTRIC CONDENSERS 
Reviewing the results of the investigation described in 
the preceding sections, it is clear that a number of dif¬ 
ferent conditions must be satisfied if a high degree of 
electrical stability is to be obtained. These are set out 
below in order of relative importance:— 



Metal portions of 
condenser 
(stator, rotor, 
and frame) 




Insulating portions 
of condenser 




(«) 

if) 


ig) 

•m 

General thermal f (h) 
requirements 
applying to all ] (j) 
component parts 1 


Absence of mechanical con¬ 
straint in the assembly of each 
part and in the method of 
support. 

Uniform temperature over 
whole of each portion. 

Absence of residual stress. 

Small value of the temperature 
coefficient of permittivity, and 
reduction of capacitance of 
solid dielectric to a minimum 
value. 

High degree of mechanical sta¬ 
bility. 

Accuracy of location of the 
insulator. supporting the stator 
assembly. 

Small dielectric loss and high 
electric strength (for transmit¬ 
ting condensers). 

Value of (mass x specific heat/ 
area) to be same for each part 
Value of emissivity coefficient to 
be identical for each part. 


These conditions are often unfulfilled in present 
methods of construction. For instance, it is a common 
practice to assemble the rotor and stator of a condenser 
by means of collars and clamping rods, often made of 
metals difi'erent from that of the vanes, with the result 
that appreciable constraint effects can occur, owing to 
differential expansions. Again, even if the same metal 
is used for all the parts of a metal assembly, appreciable 
bending forces may still be produced if the thermal 
capacities of all parts are not similar. Stability of 
mechanical shape is not likely to be obtained if the vanes 
of a condenser are clamped between spacing collars. 


It seems clear that the best type of stator or rotor is 
one in which the vanes are integral with the spacing 
members, i.e. the plate system is machined from a solid 
metal block.’’* Such a method of construction is highly 
satisfactory when cast or forged metal is used, particu¬ 
larly if it is annealed several times during machining to 
release internal stresses. The machining of such a block 
is best done by means of a multiple cutter; a further 
advantage of this method of machining is that it intro¬ 
duces very little surface stress. 

Various other methods of achieving this object have 
been suggested. One such method of stator construction 
involves the welding of the plates into grooves cut in a 
solid supporting member,| and a further well-known 
method is to die-cast these parts. A far simpler ar¬ 
rangement applicable to the rotor assembly embodies a 
locking device wdiich rigidly fixes and wields each separate 
vane to a spindle of the same metal.§ All such arrange¬ 
ments have for their object the production of an assembly 
in wffiich constraint and residual-stress effects are small, 
but in all of them it is important that the mass of the 
spacing pillars or webs should be so adjusted that the 
thermal capacity of these parts is substantially the same 
as that of the vanes. The question of the best thickness 
for the plates is one of difficulty; thick vanes naturally 
have a far greater mechanical rigidity, but temperature- 
gradient effects may be serious. Unfortunately the 
thermal system is so complex that a detailed analytical 
treatment is impossible, and improvement in design will 
have to develop as a result of trial. 

Requirements {d), (e), and (g), suggest the use of 
ceramic materials for insulating purposes, but for such 
substances accuracy of location of the stator assembly is 
difficult. Even for these materials the deformation and 
ageing with temperature-change is by no means negligible 
and the use of strips of insulating material is liable to pro¬ 
duce instability. Unfortunately it is often necessary to 
use a considerable length of insulating material to give the 
necessary electrical strength in the case of high-voltage 
condensers, but for receiving purposes there appears to 
be no justification for the use of long strips. A further 
difficulty of using such materials arises from the fact that 
precise location of the stator system is not easy to attain, 
owing to the fact that accurate machining is impossible. 
Fixing to a ceramic insulator by means of screws in 
moulded holes may cause considerable uncertainty of 
location. Joints in which a ground tubular insulator is 
forced between two cylindrical tapered metal sleeves have 
been successful in the case of a mycalex insulator. || It is 
difficult to satisfy both the thermal and electrical require¬ 
ments at the same time, since the thermal properties of 
insulating materials are so different from those of metals, 
but improvement in this direction is not impossible. 

Considering now the assembly of the stator and rotor, 
the usual method of stator support is quite unsuitable 
in respect of thermal stability. In most cheap com¬ 
mercial receiver condensers the stability depends upon 
the mechanical properties of an insulator of plastic 
characteristics, and such a design cannot be expected to 
have good thermal stability. In high-class precision 

* British Patent 26709/1911. 

t See Reference (63). 

t British Patents 22931/1914, 6371/1915, 212199 252132, 252941. 

§ British Patents 248865, 301586, |j See Reference (47). 
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condensers tlie stator is sometimes located in the manner 
shown in Fig, 20. The stator blocks are clamped between 
cylindrical quartz tubes held in position between a top 
and bottom plate by several rods. The bottom plate 
supports the rotor on a ball centre, the shaft of this rotor 
being free to slide vertically in the top plate. This is a 
very unsuitable design from the point of view of stability. 
A very small difference in expansion between the stator 
block and the clamp rods gives rise to a large bending mo¬ 
ment in the bottom plate, and the whole rotor will move 
in accordance with the deformation of this plate acting as 
a beam. In one well-known make of condenser the clamp 
rods are made of steel, the stator of aluminium, and the 
bottom plate of brass. The difierential expansion alone 
gives rise to a vertical movement of the stator of 0*2 mil 
per deg, C., which for a 0-1-in. gap gives a temperature 
coefficient of -j- 42 parts in 1 million if the gaps are 
exactly equal. If the air-gaps are unequal by as little’ 
as 1 mil the coefficient is increased to about 100 parts 
in 1 million. Even if care is taken in selecting the 
materials, the large differences in the thermal capacities 



Fig. 20.—Typical assembly of condenser. 

of the parts produce appreciable hysteresis effects, and 
the stress variations in the stator columns may produce 


A critical examination of such special methods of 
assembly has not yet been made, since the investigation 
is still in progress, but there appears to be no reason why 
such methods of construction should produce an appre¬ 
ciable improvement in electrical stability. If the require¬ 
ments already stipulated are satisfied, a parallel-plate 
system should be quite satisfactory. 

(9) METHODS OF COMPENSATION FOR 
TEMPERATURE-CHANGE 

Means of providing automatic compensation for tem¬ 
perature variation have been developed both for solid- 
and for4air-dieiectric condensers. In all existing methods 
the compensating devices are appropriate to slow tem¬ 
perature variations, and are often unsatisfactory when 
the temperature variations are rapid. 

(a) Condensers with Compensated Dielectric 

Material 

In some of the simpler arrangements for fixed solid- 
dielectric condensers, use is made of compensatory 
electrical properties of the insulating material, but in 
the case of condensers built up of sheets of metal foil 
spaced by a solid dielectric the results are unsatisfac¬ 
tory. For instance, Condenser D (see Table 1) had a 
temperature coefficient of capacitance of 160 parts in 
1 million per deg. C., whereas the manufacturers claimed 
that its coefficient did not exceed -i- 10 parts in 1 million. 
Another published result of tests on non-temperature- 
coefficient ” paper condensers shows that for a resin-wax 
dielectric the temperature coefficient of capacitance was 
— 700 parts in I million per deg. C.* 

If ceramic materials are used, a far better degree of 
compensation can be obtained. Rohdef shows how two 
condensers made of Calit and Condensa respectively may 
be connected in parallel to give zero resultant temperature 
coefficient, i.e. 


mechanical constraint. 

Various alternative means of constructing condensers 
have been suggested from time to time. The concentric- 
plate condenser* is attractive from the point of view of 
stability, owing to the fact that its capacitance is not 
critically dependent upon the location of the rotor axis, 
but unfortunately the capacitance for a given overall 
volume, and the ratio of the maximum to minimum 
capacitance, is much less than for a parallel-plate con¬ 
denser. The first objection can be overcome to some 
extent by the use of multiple concentric semi-cylinders, 
and the latter by the use of telescopic tubes.f Hemi¬ 
spherical, J helical, § and conical|i electrode systems have 
also been suggested and may be of value in future 
development work, but in all these devices the stability 
conditions already enumerated must still be satisfied. A 
type of concentric die-cast stator and rotor assembly in 
which the section of the interleaving vanes is triangular^! 
offers distinct possibilities, since such- a system is some¬ 
what easier to construct than a parallel-vane system, but 
high accuracy of location of the various parts is required. 

* British Patents 14S34/1914, 212199, 212381, 249803, 251049, 268089, 

TBrituSents 8172/1902.1855/1903, 3182S1. 328006 239761, 263948. 

1 British Patent 154386. 

§ British Patents 191618, 271920, 299197 ,304583. 

|l British Patent 268211. 

t Bifitish Patents 26709/1911, 2o2132 
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where and are the capacitances of the two con¬ 
densers and AGi and AGg are the changes in capacitance 
for unit temperature-change. For compensation 
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l'^2 
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AGgGi 
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(24) 


Such an arrangement has been used to compensate 
the positive temperature-coefficient of a coil by making 




AG 

G 


(25) 


where AL and AG are the changes in inductance and 
capacitance respectively for unit change of temperature, 
and G = C-^ -f- Gg* 

This method is applicable only to cases where a stable 
oscillator is needed for a single frequency. Also, com¬ 
pensation obtained by the use of two condensers, each 
of which has a large temperature coefficient of permit¬ 
tivity, requires very high accuracy of adjustment, this 
is difficult to achieve in ceramic materials. For repro- 

» See Reference (31). 
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ducibiiity to a given design, the value of the permittivity 
and the temperature coefficient of permittivity of both 
dielectrics must be constant to an accuracy of at least 
1 per cent, and it seems most unlikely that this can be 
achieved unless the chemical composition can be repro¬ 
duced to a high degree of precision. Also, the time-lag 
and '' ageing of Calit is very small, whereas the lag 
of Condensa is large, from which it would appear that 
compensation is only effective for very slow rates of 
temperature-change, and this property of Condensa 
renders such a compensating system unsuitable for many 
purposes. Notwithstanding these difficulties, the proper¬ 
ties of these materials are of great interest and their use 
may be justified in certain circumstances. 

(b) Other Methods of Compensation 

Other available methods of compensating air-dielectric 
condensers for temperature variation are as follows:— 

(i) Use of invar plates and frame, to eliminate expan¬ 

sion effects. 

(ii) Use of an invar frame with brass plates sliding 

in grooves to maintain the ratio area/air-gap 
constant. 

(iii) Use of bimetallic expansion device, to vary the 

air-gap so as to compensate for the increase 
in the effective area of the plates,* 

The first method has been advocated and appears very 
attractive. No measurements of the thermo-mechanical 
stability of invar have as yet been made, but it is well 
known from general experience that its secular stability 
is poor. Its electrical resistance is high, and to obtain 
a low series resistance it is necessary to deposit copper 
or other low-resistance metal on the surfaces. Such a 
type of construction is expensive and its merits are at 
present unknown. It is likely that considerable con¬ 
straint effects would exist un less the stator and rotor 
were both^ machined from the solid. Although this 

procedure is not impossible, the cost would be high_ 

about £5 for material for a small receiving condenser. 
Die-casting is a possible alternative. 

The second method has been used, and tests on such 
a condenser (P, Table 2) show that compensation was 
not obtained—the coefficient of capacitance was -f 20 
parts in 1 milhon per deg. C. This was probably due 
to the constraint imposed by the sliding action of the 
plates in the grooves cut in the frame. This constraint 
effect is likely to be appreciable in any such design, and 

it seems inexpedient to pursue this principle of com¬ 
pensation. 

The third method involves no great departure from 
normal design practice and is easy to apply to a con¬ 
denser which satisfies the requirements enumerated in 
the previous section. It seems to possess the advantage 
of comparative simplicity with a high degree of stability 

at reasonable cost. The method has been used in two 
trial models. 

(c) Experimental Compensated Variable 

Condenser No. 1 

In the first of these experimental condensers, the 
object was to ascertain what degree of compensation 

* See Reference (SI) and British Patents 335164 and 335526. 


could be obtained for slow temperature-changes, asso¬ 
ciated with a high degree of secular stability, regardless 
of size and cost. The assembly is in consequence some¬ 
what massive and expensive, but the results show that 
a very high degree of capacitance-stabilization can be 
obtained. 

The condenser is illustrated in Fig. 21. In order to 
reduce residual stress and constraint effects, the stator 
and rotor vanes were machined from a brass forging 
which was annealed several times during the machining 
process. The rotor (1) consisted of 10 semicircular vanes 
and a shaft, while the stator (2) consisted of 11 vanes 
which were approximately rectangular, together with 
a heavy brass web. The rotor shaft was supported by 
two plain bearings (3) which were bolted to two rigid 
supports (4), and end location was provided by a shoulder 
on the shaft and a spring as shown. The other bearing 
had no end location and the shaft was free to slide axially. 
The stator was supported at three points by means of 
ground spherical feet resting on a cone, a V-groove, and 
a plane, as shown at (6). This type of support gives 
precise location and eliminates stresses due to differential 
expansion between the stator and the base-plate. The 
three stator supports were insulated from the base-plate 
by small keramot washers which gave good mechanical 
location, though at some slight sacrifice of power factor. 

The brass base-plate was machined as shown in the plan 
view, and the central portion supporting the stator was 
connected to the main frame by 4 thin brass beams (9). 
This construction permits the central mass to move 
slightly with respect to the main frame with only one 
degree of freedom, and eliminates the difficulties of 
providing sliding rails or guides for a stator carriage. 
The rigidity in the vertical plane is very great. The 
central portion was connected to the main frame by 
means of a steel rod (10) provided with the necessary 
clamping arrangements and adjustments whereby tlie 
effective length of connection to the main frame might 
be varied. Owing to the differential expansion between 
this brass frame and the steel rod, the stator carriage 
moves relative to the rotor supports with change of 
temperature. 

By setting the rotor so that the air-gap on one side 
of each vane was twice as large as the gap 8^ on the 
other side, the increase in capacitance produced by the 
metal expansion could be compensated by a decrease 
in capacitance due to the increase in the small gap 
Variation of the length of the steel rod provided a con¬ 
tinuous adjustment of this compensating action. The 
brass base-plate was mounted on a heavy brass casting (8) 
by means of insulated bolts. A drum scale (12) and 
window was provided foi setting the rotor position, the 
friction driving-shaft being taken through an oil-packed 
air-tight gland (13). The whole condenser was enclosed 
in an air-tight metal case to prevent changes of air 
density. 

The action of the compensating mechanism is as 
follows:— 

Let §1 = small air-gap spacing (see Fig. 21). 

O 2 = large air-gap spacing (see Fig. 21). 
t = thickness of rotor or stator vane. 

A = area of one face of rotor vane. 
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Fij^. 21» Geiicral assembly of coiiipensated variable condenser No. 
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a — coefficient of linear expansion of vane. 

6 — temperature-change. 

= lateral movement of stator. 

Then, owing to the linear expansion of the metal, the 
increase in the capacitance of the condenser formed by 
the two gaps 83 ^ and 82 in parallel is 


aA 

47r 


1 

^ 2 - 


6 


( 20 ) 


The reduction in capacitance due to the motion is 


A 


477 


1 


1 


81 ”^80 
1 


+ 


8]: -f /30 §2 ~ 


(27) 


and since ^6 « S 3 , or Sg, this reduction in capacitance 
may be written as 


477 _S^ S|_ 


(28) 


Taking the values of a and y as 18-9X 10“*® and 
11*6 X 10”® for brass and steel respectively, when 
in., it is seen that I should be 0 • 393 in. Provision 
was made for adjustment of this length, since the sinali 
stresses imposed on the rod by the bending of the beams 
( 9 ) produced an extension which could be compensated 
by a slightly increased operating length of the steel rod. 

The thermal properties of the three relevcint masses 
—stator, rotor, and frame—together with the data 
required to calculate the thermal properties of each part, 
are given in Table 10. 

From these constants it can be shown that the heating 
curves for the three masses are as shown in Fig. 22 when 
the temperature of the surroundings is suddenty changed 
from 20° to 60° C. It will be seen that the stator and 
rotor are very nearly identical in thermal performance, 
but that the frame could be improved by reducing the 
ratio of its mass to its area. Since the temperature of 


Table 10 

Thermal Properties of Stator, Rotor, and Frame, of Temperature-Compensated 

Variable Air-Condenser 



stator 

Rotor 

Frame 

Mass (m), grammes .. 

14 850 

5 670 

19 100 

Total air surface (A), cmP- .. 

3 650 

2 100 

2 150 

Radiation constant .. 

ZeAdi 

0-44 X 10^ 

0-29 X 10^ 

0-96 X 10* 

Convection constant 

AC 

. 

2-23 X 10^ 

1-48 X 10^ 

4-87 X 10* 


Specific heat (s) = 0-074 (brass). 

Emissivity (e) = 98 per cent (lampblack).* 

Air temperature 9^ == 293° K. = 20° C. 

* The stator and rotor vanes were painted with lampblack to increase the emissivity coefficient. 


Now for compensation 



In the present design = 28^ and consequently /S = 2S^a. 

The motion ^9 is produced by the difierential expan¬ 
sion between the brass base-plate and the steel rod ( 10 ). 
Let the effective length of this steel compensating rod 
be I and its expansion-coefficient be y, which must be 
less than a. Then for a temperature-rise 9, the movement 
of the stator with respect to the rotor will be 

Z(a - y) = ^ . . . . . (31) 

and hence 

l{a — y) = 2S]La ... . (32) 

or 

i = 28 i-^ . 

a — y 


the compensating steel rod is sensibly the same as that 
of the frame, it would be expected that a lag would take 
place between the temperature-changes of the stator and 
rotor and those of the compensating mechanism. 

The condenser was set up with the standard tempera¬ 
ture-compensated coil,* as a series-fed Hartley oscilla¬ 
tory circuit. The leads were carefully arranged to be 
as short and rigid as possible, and the battery supply 
leads were taken to a remote-control point through an 
earthed metal tube. The frequency range of the circuit 
was found to be 3 000-6 000 kc, and the condenser was 
set to give a frequency of 4 000 kc. 

The circuit was now enclosed by an oven in which the 
temperature could be automatically maintained at any 
value by a photocell-operated thermostat. The tem¬ 
perature was raised 30 deg. C. and the frequency-change 
was noted, from which result the correct adjustment 
of the compensating screw was determined, since it was 
known that the temperature coefficient of inductance 
of the coil was less than 1 part in 1 million per deg. C. 

* See Reference (93). 


(33) 
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The condenser having been set to this new condition, 
the oscillator was maintained at a temperature of 50° C. 
for several da^^^s and then three thermal cycles over the 
range 20-50° C. were applied. During this period slight 



22.—Thermal performance of compensated variable 

condenser No. 1. 


ageing effects took place wdiich became progressively less 
after each thermal cycle. 

Finally, a long-period test was undertaken to ascertain 
the frequency stability. The temperature was raised 
from 26° C. to 50° C. in steps of 1 deg. C., the tempera¬ 
ture at each step being maintained for 2 hours. The 
highest temperature of 50° C. was maintained for 17 hours 
and then the circuit was allowed to cool naturally. The 
hequency variations are shown in Fig. 23, the dots giving 
the actual observations j the accuracy of measurement 
was about 5 parts in 1 million. It will be seen from 
Fig. 23 that there is no sign of a definite temperature 
coefficient and that the frequency remained constant 
to within i 30 parts in 1 million during a period of more 
than 100 hours, during which time temperature variations 
of over 30 deg. C. took place. An increase of 10 per 
cent in the anode potential gave an increase in frequency 
of 9 parts in 1 million, and an increase of 10 per cent 
in the filament current gave a decrease in frequency of 
16 parts in 1 million. 

The results show that a high degree of frequency 
stabilization can be obtained by attention to details in 
the manner shown, but it is realized that the high 
stability of this condenser has been obtained by a partial 
sacrifice of some of the electrical properties. Quartz 
mountmg has been attempted but has been found to be 
quite unsuitable, owing to the fact that precise location 
of the stator cannot be obtained. It is desirable to 
attempt to improve the electrical properties while still 
maintaining the present stable mechanical construction. 


(d) Experimental Compensated Variable Con¬ 
denser No. 2 

The success obtained with the condenser described 
above suggested the production of a more practicable 
form of the same system, and consequently the essential 



Fig, 23.—-Effect of temperature on frequency of compensated circuit at 4 000 kc. 
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principles were incorporated in a second design illus¬ 
trated in Fig. 24. In this case conventional practice 
was adhered to as far as possible, but certain important 
differences were necessary to satisfy the requirements 
already specified. 



Fig. 24. —General assembly of compensated variable con 

denser No. 2. 


All the metal parts of this condenser were machined 
from brass castings, and exactly the same composition 
was obtained in each part by pouring these castings from 
the same mix. Each part was well annealed between 
the preliminary and final machining operations. The 
rotor plates were let into grooves cut in the spindle 
(1) and soldered at the points shown. This spindle was 


located by the massive bearing ( 2 ) screwed to the top 
plate (3) and was registered by the face (4) and spring 
locking nut (5). The stator plates were similarly 
soldered into grooves cut in the spacing rods ( 6 ) and 
were located by means of four invar rods (7) clamped by 
the brass sleeves ( 8 ). These sleeves were in turn clamped 
to four marble insulators (9) located in the top plate 
and fixed by the rings (10). By means of the movable 
grub-screws ( 11 ) the length of the compensating rods ( 7 ) 
could be adjusted to give the required compensating 
action, the air-gaps on one side of the rotor plates being 
twice those of the other side as in the case of the previous 
condenser. This type of construction reduces constraint 




Fig. 25. Performance of compensated variable con¬ 
denser No. 2. 

Atmospheric temperature — 24 ° C. 


ariu icbiuuai stresses to a minimum and gives good stator 
location. 

The performance of this condenser is shown in Fig. 25 
for two settings of the compensating rods (7). In the 
first case, the length of each invar rod was 0-95 in., and 
curve B depicts the change of capacitance which occurred 
when a rapid temperature-change was made. It is 
seer that an increase of capacitance took place initially, 
and then a slow reduction occurred due to the compen¬ 
sating action. The final capacitance value was remark¬ 
ably constant, and the net temperature-coefficient of 
capacitance was — 65 parts in 1 million per deg. C. In 
the second case, the length of the invar rod was 0-26 in. 
and the performance is shown by curve A: in this case, 
a similar behaviour was noted and the net temperature 
coefficient was - 8 - 6 parts in I milhon per deg. C. Bv 
the use of equation (33), it can be shown that these 
observed temperature-coefficients of capacitance agree 
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quite well with, the calculated values for the two lengths 
of compensating rod; the theoretical values are - 77*4 
and 7*3 parts in 1 million per deg. C. Exact com¬ 
pensation was not possible in this experimental con¬ 
denser, since a sufficiently short length of invar rod was 
not piovided for in the design, but it is obvious that 
such a condition could be obtained by a slight lengthening 
of the brass sleeves (8). 

When this condenser was subjected to variations of 
temperature at a constant rate of 2 deg. C. per hour, the 
capacitance variation did not exceed ± 40 parts in 1 
million for a total temperature-change of 9 deg. C., 
showing that the initial increase of capacitance observed 
in the previous cases was due to the rapid rate of tem¬ 
perature-change. The performance of this condenser 
was remarkably cyclic; a large number of tests were 
made and almost perfect agreement was obtained, a 
result never before achieved. The secular stability is 
likely to be high and the performance is calculable 
and reproducible, but the thermal requirements have 
not been completely satisfied. 

It appears, therefore, from the results obtained on 
these condensers that compensation for slow tem¬ 
perature-change can be obtained, together with a high 
degree of secular stability. The problem of providing com¬ 
pensation for any rate of temperature-change involves 
further study and will be considered in the near future. 
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APPENDIX 1 

Change in Permittivity of Air due to Changes of 
Temperature and Pressure 

= L±i£i^= 1 + 3c d + 2c\dl + . . . 

where = air density — p/(l -f 0*003665 t), 

Cl = 195 X 10-^ 
p = pressure (atmospheres), 
and T = temperature (°C.). 

If p is constant, a temperature-change of 1 deg. C, 
corresponds to a density change of 3 665 X 10 “"®. The 
change in k is therefore 

3 X 195 X 3 665 X 10 -^^ = 2- 16 parts in 10® per deg. C. 

APPENDIX 2 

Method of Measuring Deformation of Specimens 
when Subjected to Changes of Temperature 

Most designs of condenser are constructed of metal 
and insulating material in sheet form, and to^ study the 
thermo-mechanical properties of such sheets it is neces- 

* See Reference (92). 


sary to measure the deformations other than normal 
thermal expansion produced by temperature variations. 
It is convenient to use a standard rectangular form for 
all specimens and to treat each specimen as a beam. 
Such specimens are not initially flat and consequently 
it is necessary to measure either the actual deformation 
at the centre when the ends of the beam are definitely 
located or the change in curvature of the beam. It is 
essential to measure the deformation of the specimen 
without imposing any external bending moment, and it 
is also important to ensure that no appreciable tempera¬ 
ture-gradient exists at any time during the test. The 
first condition can best be satisfied by resting the plate 
on three steel balls which are free to roll. This gives 
precise location and complete freedom to distort in any 
direction. Although it is not difficult to measure small 
deformations at constant temperature, it has been found 
exceedingly difficult to obtain accurate results when the 
recording apparatus is subjected to temperature varia¬ 
tion, owing to the difficulties of eliminating distortion 
from the measuring apparatus. 

An attempt was made to measure the distortion at 
the centre of such a beam by an electrical method which 
consisted essentially of fixing a light condenser plate to 
the beam centre and measuring the change in capaci¬ 
tance between this plate and a fixed vane by a beat- 
frequency system. Unfortunately, difficulties of locating 
the fixed plate arose and ambiguities occurred due to the 
unknown change of permittivity with temperature of 
the insulating material supporting this plate. The 
method was abandoned and various photocell systems 
were tried. The idea adopted in these cases was to 
allow the moving centre of the beam to var^’- a gap 
through which light was transmitted and to compare 
the illumination with that given by an adjustable gap, 
photocells being used as the measuring instruments. 
These arrangements were found to be unsatisfactory^ 
owing to the fact that the stability of photocells is 
insufficient for measurements of this accuracy. In 
another arrangement, use was made of a rocking mirror 
of which one end was located on the centre of the 
specimen and the other on a fixed support, observation 
of the angular shift of this mirror being made by a 
collimated beam and telescope. The sensitivity was 
found to be satisfactory, but difficulties arose from the 
fact that this method measures the relative movement 
between the top face of the specimen and a fixed point. 
Although the location of this point was made satis¬ 
factory after many attempts, it was found that the 
indentation produced by the weight of the beam on the 
surfaces of the balls altered with temperature and the 
observed deflection at the centre did not give a true 
measure of the actual change of beam curvature. This 
indentation amounted to many millionths of an inch, 
and since it was necessary to obtain an accuracy of the 
order of 10“^ in., the method had to be abandoned. 

After the failure of all these methods it was realized 
that it was difficult to measure accurately the deflection 
of the centre of the beam on account of the vertical 
movement of the specimen produced by ball-indentation 
and expansion of the supports. In accordance with this 
view a further method has been developed and has 
proved to be entirely satisfactory, although a little 
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sensitivity has had to be sacrificed. In this method the 
change in curvature of the beam, produced by heat, is 
measured, and the deformation at the centre is deter¬ 
mined on the assumption that the distorted form is an 
arc of a circle. For the very small deflections under 
consideration, the change produced by assuming any 
other reasonable distorted shape is negligible and the 
dimensions of the recording apparatus have been so 
chosen that the deformation calculated on this assump¬ 
tion is quite accurate. 

The apparatus is shown schematically in Fig. 26. The 
sheet specimen is placed on two steel balls at one end 
which are located in countersunk holes cut in a " Rayax '' 
brick mounted on three adjustable feet. ('* Rayax 
is a special refractory material of high stability and 
low coefiicient of expansion which gives good vertical 
location.) The support at the other end consists of a 
similar steel ball which is placed on a glass plate. In 
this manner the constraint imposed by the supports on 
the expansion of the j^late is reduced to a negligible 
amount. The dimensions of the standard rectangular 
test specimen and the ball supports are shown in Fig. 7. 
Two light glass mirrors stand on the top face of the 
specimen, the location being defined by three ground 
feet 1 mm square. The inner surfaces of these blocks 
are made optically fiat and act as mirrors, and tempera¬ 
ture variation produces no measurable distortion of the 
blocks. Observation of any angular change between 
these surfaces is made by means of a collimated light 
beam and telescope with micrometer eyepiece. The 
great advantage of this system is that any movement 
of the mirrors which does not alter the angle in the 
vertical plane between the mirror surfaces is unobserved, 
and consequently ball-indentation, support-expansion, 
and specimen-expansion effects, are all eliminated. To 
reduce temperature-gradient effects as far as possible, 


very thin tinfoil to prevent the oil from corning into 
contact with the material. The foil is so thin that it 
has no effect on the distortion of the plate. 


APPENDIX 3 

Effect of Dielectric Loss upon Effective Resistance 
of a Radio-freciuency Circuit 

The effective resistance of a typical oscilhition circuit 
at frequencies of the order of 100 iriega.c\'c k*s per sec. is 

Table 11 

Values of Permissible Loss-angle to give 10 per 
CENT INCREASE IN ClRCUIT ReSJSTANCE 


Capacilnnce 

10‘1 tan 5 (8 arc tan Rir>C) 

I'reqi 

Licncy, rnegacycl(!S 

>'r sec. 

1 

l(,i 

i 00 

/X/J.F 




10 

()'3.]4 

:M4 

31-4 

100 

3* 14 

31-4 

314 

1 000 

31-4 

314 

i 

3 140 


between 5 and 10 ohms, and this value remains reason¬ 
ably constant over the range 1-100 megacycle.s ])er sec. 
Taking a value of 5 ohms as a typical circuit resistance, 
the permissible values of the condenser loss-angle S for 
various frequencies and values of capacitance to produce 
a 10 per cent increase in circuit resistance are shown in 
Table 11. 


Li^MP> 



Mirror 



Fig. 26. Arrangement of apparatus for measuring deformation of sheet specimens. 


the specimen is heated by a surrounding oil bath, the 
level of the oil being just below the top surface. Trans¬ 
former oil is used and is heated by two mats immersed 
in the liquid. Rapid cooling can be obtained by draining 
off the liquid so that the level fails well below the test 
specimen. 

A movement of 3 x in. at the centre of the 
beam produces a shift in the image corresponding to one 
division on the micrometer eyepiece. The minimum 
observable shift is about 10-^ in. The specimen is 
heated from 15° C. to 60° C. in about 10 minutes and 
is cooled in about the same time. When insulating 
materials are being tested, the specimen is wrapped in 


It is seen from Table 11 that the dielectric loss must 
be small for small condensers at medium frequencies, but 
that for values of the capacitance of about 100 fifiF at 
frequencies of 10 megacycles per sec. and above, a value 
of tan S == 20 X 10““^ is low enough for most purposes. 

APPENDIX 4 

Rate of Change of Temperature of Thermally 
Conducting Body Cooling by Radiation only 

Consider the cooling curve of a hot body at tempera- 
ture cooling to its surroundings at 9^. Assume 
perfect thermal conductivity within the body and no 







THOMAS: THE ELECTRICAL STABILITY OF CONDENSERS 


333 


loss of heat by convection. Then, by Stefan’s law, the 
heat passing through the surface in time dt is 

where e == emissivity, A == area, and absolute tem¬ 
perature at time t. 

This must equal the heat lost by the body, namely 

/ dd^ 

ms{ -r- 

\ dL 

where m == mass, and s = specific heat. 


dt 


Therefore 


or 


eA 


dt 


1 


ms 


- e\ 

— dd 
“■ pTTp 

where a = eA/{ms), and 6 = 


dO 


adt 


Now 


dd 


04 _ ^4 


26^ 


,1 + d^lb^ 




02/62 J 


dd 


Therefore, integrating both sides, and remembering 
that 0/6 > 1, we get 

0 0 

2abH — h arc tan v + ^ < 2 oth ^ K 

b b 

and, since d — do when t = 0, 


ms 


2<3A0'^ 


(^arc tan -g~ arc coth-^ J 
1 1 


0 ^ 

arc tan ~ arc coth -~- 


APPENDIX 5 

Rate of Change of Temperature of Thermally 
Conducting Body Cooling by Convection only 

Consider the cooling curve of a hot body at tempera¬ 
ture 02 cooling to its surroundings at 0^^. Assume 
perfect thermal conductivity within the body and no 
loss of heat by radiation. Then the heat passing through 
the surface in time d.t is 

CA[d — d-j)^f^dt 

where G = convection coefficient, A = area, and 0 = 
absolute temperature at time t. 


This must equal the heat lost by the body, namely 


m8\ 


dd\ ^ 

) dt 
dtj 


Therefore GA{d - 0A^/% 


AG 


or 


dt 


dd 


— msdd 

d{d — 0i) 

(0 - 0i)^ "" ■” {d- d^)^^ 

Therefore, integrating both sides, we get 

AG 


ms 


4 = 4(0 - 0i)-^ + K 


and, since 0 = 02 when t = 0, 

4ms 


AG 
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DISCUSSION BEFORE THE WIRELESS SECTION, 6th MAY, 1936, 

ON TWO PAPERS BY MR. THOMAS^^ 


- Mr. F. M. Coiebrook; I should like to emphasize 
the fact that certain aspects of modern radio engineering 
involve an extremely high degree of precision. For 
ordinary engineering practice an accuracy of 1 in 1 000 
is quite good enough in nearly all cases, but in certain 
cases of radio communication—for example, in working 
at 30 megacycles per sec. with a tolerance of ±100 cycles 
—^the precision involved is of the order of parts in a 
million. It is for this reason that, in his investigation 
of the causes of frequency-variation, the author has had 
to carry out measurements to a quite unusual degree of 
refinement and precision and has had to improvise and 
invent special methods capable of the required degree of 
precision. 

Table 8 of the second paper gives the results of some 
work on the mechanical properties of certain materials 
used in the construction of condensers. It is surprising 
to note that a specimen of quartz, in the form of fused 
silica, is described as non-cyclic in shape variation, with 
respect to thermal changes, with no return to the original 
shape on cooling. This is a very important matter, as 
fused silica is now being used as a former for standard 
inductances, and is likely to be used increasingly for that 
purpose in the future. It must be pointed out that the 
measurements refer to a single specimen, the only suitable 
specimen available at the time the measurements were 
made. The results cannot, therefore, be assumed to be 
representative, but they serve to show that fused silica 
cannot safely be assumed to be cyclic in thermal 
behaviour, and should be tested in this respect before 
being used in the construction of standards. 

Mr. A. J. Gill: In the first paper the author refers 
to the possible application of his standard inductances to 
transmitters. As far as my experience goes, if one wants 
stability in a transmitter it is necessary to employ very 
low power in the originating oscillator, and if possible 
to use some method of frequency doubling. It is almost 
impossible to stabilize at a high-power stage and yet get 
good constancy of frequency in the emitted wave. 

Regarding the question of power-supply variations, 
I should like to know whether the author's results were 
obtained with a dynatron circuit, and, if so, what power 
was being used. Experience seems to indicate that one 
must employ very little power; and if this is done, it is 
not very difficult to put the condenser and the coil in a 
thermally-controlled compartment. 

There is another aspect of this question, namely, that 
if one attempts to use an LC drive for a transmitter one 
has to face the problem of adjusting the condenser to 
the required accuracy. To adjust a variable condenser 
to an accuracy of 2 or 3 parts in 1 million is almost an 
impossible mechanical feat. This is one of the diffi¬ 
culties of utilizing the high degree of stability mentioned 
by the author, even if one can get it. 

With regard to the non-cyclic behaviour of these 
materials, as far as metalwork is concerned non-cyclic 
behaviour is a sure indication that the material has some 
initial stress in it; and it would have been rather inter- 
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esting if some of the author’s specimens had been cut 
out of the solid material. 

The coil which the author showed as the final result 
of his investigation is very interesting, but it is subject 
to the disadvantage that it has only one turn per layer, 
which would make it veiy bulky for a given inductance. 
It rather reminds me of a design which was developed 
by one manufacturer, in which a copper spiral coil was 
cut from a flat sheet of material and then riveted to a 
mycalex sheet so that it could not move except with 
the mycalex. If this method could be applied to the 
author’s coil, one might be able to arrange it in t’wo 
layers, one of which would move in relation to the other 
and produce the compensation. 

Mr. N. Lea; The author emphasizes the importance 
of avoiding stresses in the structure either of an induc¬ 
tance or of a condenser, and I would suggest that in order 
to obtain the stabilities which we require we must avoid 
approaching the elastic limit much more definitely than 
would an engineer in other branches of his work. 
Roughly speaking, I suspect that a stress must be not 
more than about one-tenth of that inferred from the 
normally understood elastic limit. This point is of great 
importance in a design such as that of the condenser 
described in the second paper, where it is necessary to 
consider questions of internal stresses even in such 
details as the attachment of the pillar to the insulator 
used at the extremity of it. Obviously, if one squeezes 
a brass washer on to a piece of mycalex, for example, 
and subjects the combination to a change of tempera¬ 
ture, the brass washer will creep radially (with doubtful 
symmetry) inwards and outwards; and it may be that 
over quite an ordinary change of temperature the skid¬ 
ding stresses and shear stresses are very serious indeed. 

Some years ago I was bothered with a design pro¬ 
duced by somebody else, which a third party had tried 
to push to a precision far beyond that originally intended 
by the designer. Trouble resulted, and I found that this 
was largely due to the very serious internal stresses. 
When these were removed by a change in materials and 
a proper regard for some of the principles outlined by 
the author, I found very close adherence to a tempera¬ 
ture coefficient of 80 x 10~"^ to 35 X 10-^ per deg. C. 
for an LC circuit consisting of copper for the inductance 
and brass for the whole of the condenser parts. 

Has the author evolved any ratio as between the 
temperature coefficient which one would expect from 
the linear primary expansion of the material only and the 
actual one which is obtained as a result of the secon¬ 
dary effects which he mentions ? On many occasions, 
it appears, one may encounter a temperature coefficient 
of about double the linear value. 

In most of his experiments the author seems to have 
employed designs having no screens closely associated 
with them. For commercial purposes we must include 
screens in the design, even though these complicate 
the thermal analysis. My experience is that the screen 
often constitutes a major thermal difficulty. 

I should have liked to hear more about the methods 
of design which are possible in reducing frequency 
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perturbations during temperature-changes. The use of 
invar for compensating purposes is helpful because it 
means that the designer can almost forget the rate of 
change in temperature of the compensating rod in com¬ 
parison with the device which that rod is attempting to 
compensate. 

Dr. L. Hartshorn: The author has tackled the 
question of inductance stability from the point of view 
of the frequency stability of an oscillator circuit. At 
the National Physical Laboratory we also have to 
tackle the question from the point of view of inductance 
standards, and from this aspect the order of accuracy 
dealt with by the author is less significant, for we cannot, 
in general, measure an inductance to 20 parts in a 
million. Further, the author is aiming at producing 
an oscillatory circuit which will maintain its frequency 
constant over the range 15°-50°C.; that is to say, he 
is considering tropical temperatures. At Teddington 
we are not considering tropical temperatures, and we 
never let any of our standards exceed a temperature of 
30° C. We are only concerned with producing a standard 
which will be stable over a very small range of tempera¬ 
ture, e.g. l()°-'25° C., and I think this is also the field 
covered by manufacturers of standard coils. 

The temperature coefficients which the author obtained 
with his representative coils are very much higher than 
the coefficient of expansion of the metal; and it might 
be thought curious that bodies like the N.P.L. should 
not have noticed this before, as they have been making 
measurements to an accuracy of a few parts in 100 000 
for many years. According to the records available, the 
temperature coefficients of inductances measured over 
the small range of temperature I have referred to are 
usually about 23 parts in a million; that is, for uncom¬ 
pensated standards wound of copper wire. Most of them 
are wound with many layers of wire on marble bobbins, 
but some have spaced windings on keramot formers. 
The coefficient of expansion of the metal is 17 in a 
million, and we have always regarded the measured 
coefficient of 23 in a million as being equal to this 
coefficient of expansion, plus an extra 6 parts in a million 
due to internal stresses. This rule has so far been 
found good enough for most purposes. It is necessary 
to remember, however, that the conditions in these 
standards are quite different from those in most short¬ 
wave coils. The former are all wound with thin wire, 
usually stranded. Frequently the coil is immersed in 
oil, and after the winding process it is nearly always 
raised to a temperature of about 110° C. and kept at 
this temperature for a considerable time, with the idea 
of securing whatever measure of annealing is practicable, 
bearing in mind that silk-covered wire is used. There 
is no doubt that such annealing does get rid of a very 
considerable amount of strain in the wire; I have known 
annealing produce a change of inductance of 1 • 5 parts 
in 1 000. The temperature coefficient of 23 x 10“"^ per 
deg. C. has been found applicable to coils of large 
diameter with fairly heavy wire and to coils of small 
diameter with fine wire. 

Turning to the second paper, we get a similar difier- 
ence in outlook oxi the subject of condensers. When we 
approach a variable condenser in the ordinary way, what 
we understand by stability is the accuracy with which 
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we can reproduce a given capacitance by setting the 
condenser to a given reading. Such an interpretation 
introduces problems which are rather different in some 
ways from those mentioned by the author. The chief 
point is that the bearing becomes of fundamental 
importance; the author has been able to leave the 
bearing out of consideration because he is going to set his 
frequency to a standard wavelength. In the more 
general problem we cannot assume that an external 
reference standard of this kind will be available, and 
it therefore frequently happens that the factors studied 
by the author are less important than others such as the 
bearing, ease of setting and reading, the scale law, and 
irregularities of scale. When designing a condenser a 
compromise usually has to be made, and the factors that 
are allowed to dominate any particular design will 
depend on the use for which the instrument is intended. 
In this connection it should be noticed that the design of 
Fig. 20, though deservedly criticized by the author 
from his point of view, gives the lowest dielectric losses 
for a given insulating material and a given mechanical 
rigidity, and is therefore very satisfactory for many 
purposes. The faults mentioned by the author should 
of course he corrected, provided the economics of the 
problem will permit this to be done. 

There is only one other point I would mention, and 
that is the difficulty the author had in finding any 
power-factor value which could be regarded as repre¬ 
sentative of named materials. He was inclined to think 
that the trouble lay in the methods of test, but I feel 
that it is more likely to be due to differences of manu¬ 
facture in the products mentioned. I certainly have 
come across samples of Pyrex glass with power factors 
as low as the best he has mentioned, and I have also 
come across samples with power factors worse than the 
worst he has mentioned; and similarly with regard to 
the ceramic materials. I believe there are similar varia¬ 
tions among the natural dielectrics. We have also found 
that samples of the newer ceramic materials give different 
values when measured in different conditions, e.g. with 
electrodes of different sizes. There is little doubt that 
these materials are not always homogeneous. 

Mr. D. A. Bell [communicated ): There are one or two 
points in connection with the method of measurement 
described in the first paper on which I am not quite 
clear. Since there are lead inductances U of consider¬ 
able size which are not contained within the constant- 
temperature enclosure of the reference tuned circuit, it 
becomes necessary to measure accurately the frequency 
both with the test inductance in circuit and with it short- 
circuited for every observation of its inductance value. 
But if the use of the reference circuit no longer guaran¬ 
tees a known frequency with the test inductance short- 
circuited, what is the advantage of using a reference 
circuit, complete with inductance, rather than a mere 
reference condenser ? The disadvantage of including 
the inductance is that it reduces the sensitivity by a 
factor of the order of 2, since the 50-/xH branch of the 
circuit containing the variable inductance is shunted 

by a constant 68 /xH. . , 

Next, with regard to maintaining the centre-point 

earth on the inductance, it seems to me that the reduction 
in earth-capacitance effects resulting from this precaution 

22 
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can at most amount to a ratio of 2 : 1. For example, 
we ma}^ consider as a simplified case a coil with an earthed 
metal sheet at an equal distance from each end, the 
effective capacitance to earth from each end being Cq. 
Then with a centre-point earth we have the arrangement 
of Fig. A, where the effective capacitance across the 'whole 
circuit consists of the two elements in series, i.e. it is 
-|Cq. Taking the other extreme (one end earthed), only- 
one capacitance is active, so that the effective capaci¬ 
tance throum across the circuit is Oq. Since in the 
author’s experiments there were no heating circuits 
around the test oven, it could perhaps have been un¬ 
screened and constructed of insulating materials, thus 
minimizing the capacitances to earth from the test 
inductance; was this actually the case ? 

Since the publication of Mr. Thomas’s paper on in¬ 
ductances, it has been suggested by Groszkowski* that 
the temperature coef&cient of inductance is affected 
by tempera-ture change of resistance owing to the fact 
that the current distribution in the conductor at radio 
frequencies is a function of specific resistance. As this 
would tend to account for the difference between the 
value of 23 in 10® usually found by Dr. Hartshorn at 
telephonic frequencies and the various larger values 
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measured by Mr, Thomas at radio frequencies, I should 
like to know whether he has calculated the possible 
magmtude of such an effect for any of the coils he has 
measured. 

With regard to the second paper, I should like to ask 
why the ideal ” condenser was designed as sho-wn in 
Fig. 4, instead of following the usual guard-ring principle 
where the single plate covers the whole of the divided 
plate, so that the field over the the protected central 
portion is uniform. Had this principle been followed, 
it would have been possible to study directly the change 
of fringe capacitance as the gap was changed, a variation 
which can only be deduced from Table 4 by comparing the 
measured values for and with those calculated 
for a uniform field; the difference is from about 5 per 

cent to 13 per cent, being greatest, of course, with -wide 
gaps. 

_ Mr. cm suggests that a stable osciUator must almost 
inevitably be of low power; but since the temperature- 
rise of the tuned circuit can be kept as low for a high- 
power oscillator as for a low-power one by making the 
components large enough to have the same ratio of 
cooling surface to energy dissipation, there appears to 
be no justffication for this assertion on thermal grounds. 
To minimize change of frequency with supply-voltage 
* Wireless Engifieer,lBZ 5 , voU 12,1^. Gm. 


variation, however, the efficiency of . the oscillator may 
have to be sacrificed: stability demands amongst other 
things a lightly-loaded tuned circuit having a steep 
phase-angle/frequency characteristic at resonance, and a 
tolerably sinusoidal generated voltage, both of which are 
opposed to high efficiency. This lack of efficiency may 
make it impracticable to generate at very high power; 
but it should be feasible to construct a stable oscillator 
with a d.c. input of 100 watts and radio-frequency output 
of 30 watts. 

Mr. W. H, F. Griffitlis {communicated ): The title 
of the paper on inductances should have indicated that 
the paper dealt only with coils for short-wave trans¬ 
mitters, for the author’s selection of coils for test and 
his o'wn ultimate design were limited to a few micro- 
henrys. Moreover, the drastic treatment during test 
was justified only if the coils subjected to it were intended 
for use ultimately under similar conditions where the 
temperature-changes were to depend upon the heat 
generated by coil losses rather than upon changes of 
ambient temperature. 

As the title does not indicate the narrow limits which 
are obviously intended, I should like to mention that no 
reference is made to the performance of my design of 
thermal-compensated inductance coil. Such coils, how¬ 
ever, might not behave at their best under the extremely 
drastic test conditions which the author imposed— 
conditions which would never be even approached in 
practice with coils properly used as standards, the 
purpose for which they are intended. 

I should also like to point out that the author was 
evidently under a misapprehension regarding the 
design of the two coils M and N of Table 1 on page 708 
(vol. 77). These coils were of a relatively simple and 
inexpensive mass-produced type in which no attempt is 
made to obtain the correct ratio of axial to radial expan¬ 
sion or to obtain good location of the conductor. Both 
coils would, in my opinion, have behaved much better 
under normal laboratory conditions. 

I am very interested in the second paper, because for 
many years I have been working on the problem of the 
electrical stability of condensers and have succeeded 
in producing a stable type of mica condenser in which 
the temperature coefficient of capacitance between 
15° C. and 30° C. does not exceed ± 20 parts in 10® 
per degree C. for all capacitances, and is the same whether 
tested at audio or radio frequencies. 

With regard to air condensers, both variable and 
fixed, I am able to obtain regularly temperature co¬ 
efficients of capacitance under 10 parts in 10® per degree 
C., and in special cases under 5 parts in 10®. Careful 
workmanship, which has, moreover, to be entrusted to 
selected craftsmen of long experience in work of this 
type, is essential in the execution of the designs. 

The lowest natural ” temperature coefficient which 
I have experienced without any intentional compen¬ 
sation is -f 13 parts in 10® per degree C. It is obtained 
on a quartz-insulated fixed air condenser of 1 000 /xjuF 
capacitance consisting of a fairly massive structure with 
plates, washers, and other parts, of similar material. 
I agree with the author, however, that with insufficient 
experience in condenser design it is quite easy to obtain 
temperature coefficients of a very high order. I recently 
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tested a well-known precision condenser of the type 
mentioned by the author on page 325 and found its 
temperature coefficient to be + 130 parts in 10® per 
degree C., tluis confirming his estimate of the possible 
auginentation of coefficient due to air-gap inequality. 

Mr. B. Williams {cofmnunicate4): A knowledge of the 
effects of temperature on the inductance of coils and the 
capacitance of condensers is of paramount importance 
in the design of transmitters and receivers for use in 
military aircraft, which may be subject to a difference 
in temperature between ground and air of about 
70 deg. C. A combined temperature coefficient of 
inductance and capacitance of the order of 30 parts 
in 10® will give rise to a change of 10 kc in a working 
frequency of 5 megacycles per sec. This frequency- 
change puts serious limits on the number of available 
channels and necessitates retuning of the aircraft and 
ground recei\'ers. Owing to the small permissible size 
and weight it is not possible to use compensated coils 
and coiKiensers of the type described in the paper, and for 
the same reason the use of a very small-power master- 
oscillator drive and numerous amplifying stages is not 
possilile. The need for hexibility of working frequency 
precludes the use of crystal control. 

For transmitters, various types of compensated coils 
operating chiefly on the bimetallic principle have been 
tried, but in no ca,se has a satisfactory mechanical 
design c()m,bined with cyclic properties and low or zero 


air condensers it is not possible to employ any method 
of temperature compensation. It is of prime impor¬ 
tance, however, that every condenser should be cyclic, 
and the usual practice is to examine a number for tem¬ 
perature coef&cient and cyclic performance. In super¬ 
heterodyne receivers the sensitivity of the receiver depends 
on the stability of frequency of the first frequency- 
changers and in a minor degree on the stability of fre¬ 
quency of the intermediate-frequency transformers. In 
this respect it is fortunate that the temperature coefficient 
of iron-cored inductances, particularly of the closed-core 
type, is usually highly negative and partially compensates 
for the positive coefficient of the variable condenser. 
Since the new ceramic condensers (which, because of their 
small size and the precision with which they can be 
made, are an attractive proposal for aircraft receivers) 
have also a negative temperature coefficient of a high 
order, it is possible, by a combination of iron-cored 
inductance, ceramic fixed condenser, and small air- 
dielectric tiimmer, to adjust the temperature coefficient 
of the whole circuit to such proportions as to render 
communication workable on a receiver which is preset 
on the ground and is operated at a height of 30 000 ft. 
It can be shown that, in a circuit consisting of an induc¬ 
tance L having a temperature coefficient a, and tivo 
condensers and Cg having temperature coefficients jS 
and y, the temperature coefficient of the LC value of the 
circuit is 


temperature coefficient been obtained. In this con¬ 
nection commercial temperature-compensated coils ha.ve 
been examined, but their behaviour has in general been 
found inferior to that of ordinary coils as regards both 
cyclic properties and temperature coefficient. The nsual 
type of coil used in small-power short-wave aircraft 
transmitters is that referred to as Coil B in Table 1 of 
the first paper. This coil, which is of the variable- 
inductance type, is cyclic and has a temperature 
coefficient of about 20 parts in 10®. The author's 
figures confirm measurements made previously at the 
Royal Aircraft Establishment. Other coils used in 
aircraft transmitters show temperature coefficients of 
the order of 30-40 parts in 10®. 

The effects of temperature on condensers have been 
found to be much more serious. Small fixed mica con¬ 


densers of the type used in broadcast receivers have a 
temperature coefficient of the order of 2 parts in 10® 
and are usually non-cyclic. Variable air condensers 
have differing temperature coefficients according to 
their size and construction. The thickness of dielectric. 


the centrality of the moving-plate system with respect 
to the stator, the insulating material, and the method 
of securing the stator to the framework of the con- 
densex*, all have widely difiering effects. A laboratOTy 
standard condenser usually has a temperature coefficient 
of between H- 35 and + 45 parts in 10®. A condenser 
such as is used in the tuning circuits of atyeceiver has a 
positive coefficient of about 100 pa-rts in 10®. Small 
variable air-dielectric trimmers, as used in trimming inter¬ 
mediate-frequency transformers, have a coefficient of about 
250 parts in 10®. These coefficients are all positive and 
the condensers are usually cyclic. Trimming condensers 
of the mica compression type are usually non-cyclic^ and 
possess a high temperature coefficient. On small variable 


^ Cj{a -f- P) -f- C 2 {<x -f- y) 

For zero temperature-coefficient 

— (a + y) 

^2 a 4- ^ 

The behaviour of electrol 3 rtic condensers used in smooth¬ 
ing circuits has also been investigated, and the results 
obtained preclude the use of them for transmitters and 
receivers employed in high-altitude aircraft. Down to 

— 30° C. the condensers show a linear decrease in 
capacitance, the temperature coefficient being about 
-f 7 to 4- 8 parts in 1 000. The capacitance decreases 
very rapidly below — 30° C., and tends to vanish at 

— 50° C. 

Mr. H. A. Thomas {in reply ); Much of the discussion 
does not call for detailed reply, and I am indebted to 
Messrs. Colebrook and Williams for the additional 
information which they have contributed. Both Mr. 
Colebrook and Mr. Lea refer to the thermal tests on 
materials. It is not claimed that these tests were 
exhaustive; they w^ere carried out with the sole object 
of ascertainiQg the probable order of magnitude of the 
deformations which can arise in actoal condensers, and 
Table 5 clearly shows the probable increase in ternpera- 
ture coefficient of capacitance due to various conditions. 
This Table shows that a very consid.erable increase in 
S™. be the sligbteet co„- 

straining forces if the centring of the plate system is 

points out that I have not considered the 
design of coils and condensers involving screens. At ^e 
preset stage of development, it was considered advisable 
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to concentrate on the major problem of an unscreened 
coil, since the immediate application of the work does 
not demand the production of very small receiver coils 
where screening is essential. For medium-power trans¬ 
mitters the coil need not be screened, and this application 
of the work has temporarily obscured the problem of 
compensating a small screened coil. The problem will, 
however, be considered at a later date. 

Both Dr. Hartshorn and Mr. Gill refer to the difficulty 
of adjusting a condenser to the accuracy suggested in 
the paper. The application of frequency-stabilized 
valve oscillators which I have been considering through¬ 
out this work does not involve a high degree of discrim¬ 
ination on the part of the condenser. Once the LC 
circuit has been adjusted to some suitable operating 
value, it is necessary that it shall remain as constant as 
possible, but it is unnecessary for the condenser to be 
capable of precise re-setting. There is consequently a 
great difference between the stability of a condenser 
at any particular setting and the calibration accuracy 
with which the instrument can be reset to any particular 
value. Since frequency variation in a radio transmitter 
gives rise to change of received audio-frequency tele¬ 
phone signal, which may be so great as to make the 
signal vanish, the practical application of this work only 
involves constancy at a particular setting of the con¬ 
denser. With further reference to Mr. Gill’s remarks, 
it is not suggested that a simple variable air condenser 
can be set to an accuracy of a few parts in a million. In 
practice, one would of course use a small vernier con¬ 
denser for the fixed setting. 

Mr. Bell’s communication calls for detailed reply. 
With reference to his first point, it should be made clear 
that the object of the reference circuit was to enable 
coils of very different inductance values to be measured 
at about the same frequency. A reference condenser 
would have been simpler, and is used in all measurements 
on one coil only. In the tests under consideration, 
howxver, it was inconvenient to alter the frequency of 
the measuring circuit over a large range owing to the 
limitations of the existing multi-vibrator equipment. A 
further difficulty of a single reference condenser would 
have been the necessity of providing a centre tap on 
each coil, and this was impracticable. 

It is pointed out on page 704 (vol. 77) that the object 
of adjusting the potential of the centre point of the coil 
to that of the surrounding earth without the use of a 
direct earth connection was to measure the performance 
of the coil as it would be used in most applications with 
this centre tap connected to earth. It was not suggested 
that the capacitance of the coil to earth would thereby 
be eliminated, but only that the condition of measure¬ 
ment was such as to give a true measure of performance. 
Actually, every precaution was taken to reduce such 
capacitance effects, the oven being built entirely of 
non-conducting materials and the coil kept as far as 
possible from earthed conductors. 

With regard to Mr. Bell’s suggestion that the temper¬ 
ature coefficient of inductance is affected by temperature 
change of resistance of the conductor, I would point out 
that exact computation of the change of inductance 
produced by variation of the specific resistance of the 
metal is difficult except in simple cases. For a straight 


rod the calculation is readily made by the use of the 
following formula;—* 

/ 4 ^ \ 

Ai_ 

(4 log 3 

where AX = change of inductance at frequency/; 

L = d.c. value of inductance; 

I == length of conductor (cm); 
p = radius of conductor (cm) ; 

X == 2pV'(77Pft/o-); 

a = specific resistance of material, 

= 1 722 e.m.u. at 20° C. for copper; 
p. == permeability of material; 

/ = frequency = a)l{27T); 

ZJY = a function of x (see Table 22). 

The temperature coefficient of resistance of copper is 
43 X 10-^ per degree C. 

For coils wound in the manner described in the paper, 
it can be shown that the change of inductance will not 
exceed about twice the value obtained by assuming the 
wire to be straight. The maximum change of inductance 
from the d.c. value is produced at infinite frequency, in 
which case the current distribution is unaffected by the 
resistance of the material. This maximum change is 
given by 


AX 1 



For intermediate frequencies, it is necessary to deter- 

/ 4 

mine the variation of the function (1 


Z/ 


X Y, 


with 


change of resistivity of the conductor. The maximum 
change of this function is produced at rather low fre¬ 
quencies for wires of about 0*4 cm diameter. For 
frequencies of the order used in the tests described in 
the paper, and for dimensions comparable with those 
used, it will be found that the variation in inductance 
for a 1 degree C. rise of temperature is of the order of 
1 to 4 parts in a million. The higher value represents 
the worst case (coil FI), where the test frequency was 
about 1 megacycle per sec. At the normal working 
frequency of this coil (10 megacycles per sec.), the 
coefficient is very small. The effect of change of resis¬ 
tance with temperature for the other coils is very small. 

The object in view in the tests on the ideal ” con¬ 
denser was to ascertain what expansion factors were of 
significance in the case of small fixed and variable air 
condensers, in which the stator plate usually overlaps 
the rotor plate. The model made for this purpose 
simulates the actual conditions and, by isolating the 
overlapping portion, the field distribution can be studied. 

I agree with Mr. Bell’s closing remarks regaiding the 
temperature compensation of medium-power circuits. 
Mr. Gill assumes that no improvement can be made in 
existing coils for transmitters, but already the results 
of the work described in the paper have been used for 

* E. B. Rosa and F. W. Grover: “ Formulae and Tables for the Calcu¬ 
lation of Mutual and Self Inductance,” Bulletin of the Bureau of Standards, 
1912, vol. 8, p. 5. 
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the purpose of constructing a coil to carry 60 amperes 
which has a temperature coefficient of only a few parts 
in a million. In an actual frequency-drift run on a 
1-kW transmitter, it was found that the drift was only 
one-tenth that produced with an ordinary heh Va l coil. 

The test results given in the paper were obtained with 
a Hartley circuit of small power (about 3 watts), but 
some of the coils have been developed for large power 
and liave been tested tinder conditions similar to those 
which exist in an actual transmitting installation. 

With reference to Mr, Griffiths’s communication, I 
note that the expectations of the manufacturers in 
respect of coils M and ISf are considerably less than I had 


assumed from a perusal of their published information. 
It IS quite clearly stated in the Introduction* to the 
paper that the present discussion '' is restricted to the 
form of coil which is in current use in practically all 
short-wave applications, namely, an open-type helical 
coil of a few turns wound on a former or a coil in which 
the turns are sufficiently rigid to be self-supporting.” 
I am pleased to learn that Mr. Griffiths finds that excep¬ 
tional workmanship is required to produce condensers 
having low temperature-coefficients of capacitance, and 
I thank him for the interesting figures which he gives 
for the performance of some precision condensers. 

• Vol. 77, p 703. 


DISCUSSION ON 

“THE DROITWICH BROADCASTING STATION’’* 


Mr. S. R. Kantebet (India) {communicated)'. Dealing 
first with the question of site selection, the importance of 
this, so far as the ultimate success of a modern high- 
power broadcasting station is concerned, cannot be over¬ 
stressed. From the paper, site selection appears to 
have been done by {a) boring to ascertain the nature of 
soil strata under the station, and (&) actual field-strength 
measurement. I should like to know why it was found 
necessary to bore to a depth of 300 ft., as from the 
radiation point of view it would appear needless to go 
so deep. Radio-frequency currents do not penetrate 
more than a mere fraction of this depth into the ground; 
and in fact, as the main earth wires are sunk only 9 in. 
in the soil, the amount of current beyond this depth will 
be negligible. As for foundation strength, the nature 
of the soil beyond a depth of 10-15 ft. would not be of 
much importance, since the mast load—including stays 
and the concrete base block—^would not exceed 1 * 25 tons 
per sq, ft., which is not much more than the loading due 
to an average 6-story building. Has this deep boring 
been of help either from the radiation or from the 
mechanical-strength point of view ? 

Turning to the subject of the earth system, a system 
of 72 copper wires of No. 16 S.W.G. radiating from the 
aerial base and laid in furrows 9 in. deep is doubtless a 
simple and economic structure. May I ask whether the 
earth system is not too near ground level to be unaffected 
by daily variations in temperature and soil humidity. 
It appears to be a compromise between a well-insulated 
counterpoise and a deep-laid earth net, well beyond the 
reach of temperature and moisture variations. I should 
be glad to know whether any earth-resistance rneasure- 
ments have been made over a period long enough to cover 
both daily and seasonal variations in soil constants. 
These figures should prove instructive. We in India 

* Paper by Sir Noel Ashbridge, Mr. H. Bishop and Mr. B. N. MacLarty 
( sec vol. 77, p. 437, and vol. 78, p. 432). 


have constant difficulty in finding suitable earth connec¬ 
tions, both for transmission and for direction-finding 
work. 

As regards the aerial-transformer house, the aerial 
coupling gear is in duplicate, and the spare set can be 
brought into circuit without delay by means of isolator 
switches. From Fig. 4, the transformer house appears 
about 600-700 ft. from the transmitter building. Is the 
operation of change-over switches carried out by some 
system of remote control, or has the operator to run to 
the transformer house and effect the change ? 

The use of aerial systems for directional effects on 
medium waves is fast coming into use, and it seems 
practicable to design for any polar curve—^from a perfect 
circle, through a cardioid, to an elongated ” D,” and 
finally to a flat beam. As an interesting instance may 
be quoted the polar curve of the 50-kW station WOR at 
Cartaret, New Jersey. The station is 17 miles south¬ 
west of New York, on the line New York Phila¬ 
delphia. These two are thickly-populated modem 
industrial centres with high noise-level. At right angles 
to the above line are smaller towns of importance and, 
still farther away, quiet rural areas. The aerial system 
gives a field equivalent to a 120-kW radiation in the 
direction New York-Philadelphia and to one of only 
5 kW in the direction at right angles. Have ^y 
special devices been fitted to maintain the requisite 
phase relationship between the aerial and the reflector 
at Droitwich? Some further details of the reflector 
would be appreciated. 

It would be interesting to know whether the open-wire 
feeder, being exposed to the intense radiation field of 
the aerial, produces radio-frequency feed-back; and in 
•particular whether it affects the polar curve of the aerial 
itself. Does the polar curve given in Fig. 36 take into 
account the effect of the long overhead feeder ? 

It is a big step forward to be able to predict the 
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characteristics of projected aerials of great size from 
tests on equivalent models. It is not clear from the 
paper what actual tests were carried out on the models; 
were they transmission or reception tests (I notice that 
experiments were carried out at Tatsfield receiving 
station) ? What were the modulation band widths 
employed on the and scale experiments ? Can the 
test-results obtained on the model be assumed in toto 
for the real aerial, or has any correction factor to be 
applied ? Information on all these points would greatly 
assist in the design of aerials for high-power stations. 

Dealing with the subject of filament heating, the 
filament currents of cooled-anode valves drawing several 
hundred amperes can be switched on and off only very 
slowly, lest the sudden rush of current, or its drop, should 
produce local mechanical stresses on the filament. 
In fact, this operation should take at least 1-2 minutes. 
Since at Droitwich each CAT 14 valve has its own supply 
generator, connected direct on to the filament without 



Fig. A 

any intermediate switchgear, has any special delay 
mechanism been fitted to prevent sudden increase or 
decrease of current on starting or stopping of the 
motor-generator ? 

Regarding the filament of the modulator valve, it is 
not understood why a simple high-insulation trans¬ 
former was not preferred to the cumbrous insulated 
motor-generator set. 

In the main power amplifier, with four CAT 14 
valves working in parallel push-pull, what provision is 
there to show that the high-frequency load is shared 
equally by all the four working valves ? In Fig. 19, 
the way of leading grid negative bias to the grid terminals 
is not clear. Should not the connection be as shown in 
Fig. A ? In the authors* diagram the bias lead appears 
to be short-circuiting the bias resistance. 

Sir Noel Ashbridge, Mr. H. Bishop, and Mr, B, N. 
MacLarty [in reply ): Mr, Kantebet does not appear to 
have appreciated the reasons for making a trial bore on 
the site to a depth of 300 ft. This work had no relation 
to investigations regarding the conductivity of the soil 
m the neighbourhood of the station, but was intended 
o ensure that the possibility of subsidence did not exist, 
s mentioned in the paper, serious subsidences have 


occurred in the vicinity of Droitwich owing to the 
existence of extensive salt deposits. Mr. Kantebet*s 
observations regarding the depth of radio-frequency 
current penetration into the soil, and the loading on the 
foundations of the buildings and mast, are therefore 
irrelevant. 

In reply to the question as to whether the type of earth 
system used at this station is afiected by variations in 
temperature and soil humidity, it can be stated that no 
variations have been observed due to excessive dryness. 
This is probably due to the fact that the soil under the 
aerial is covered with thick grass, which of course tends 
to conserve the moisture. The wide variations in 
resistance of this type of earth system observed by 
Mr. Kantebet may be due to the different conditions 
which may exist in India. It may be of interest to 
mention that the only weather condition vv^hich causes 
variation of earth resistance is prolonged frost, when the 
ground beneath the aerial may become frozen to the 
depth of a few inches. This condition is of infrequent 
occurrence in this country and can be compensated for 
by slight adjustment of the aerial tuning circuits. 

When criticizing the adoption of manual switchgear 
for bringing into use the spare aerial tuning equipment 
Mr. Kantebet has lost sight of the fact that the reason 
for breakdown must be investigated, and this in any 
case requires the presence of an engineer in the aerial- 
transformer house. Further, it is necessary in any case 
to inspect the aerial tuning equipment after a break¬ 
down to ensure that a flashover has not occurred and 
caused a fire. If this point be taken into consideration 
it will be appreciated that the use of automatic switch- 
gear would offer little advantage. 

We agree that directional aerials are now being used 
extensively for the purpose of adjusting the polar 
diagram of the aerials of medium-wave broadcasting 
transmitters. In the directional aerial system cited in 
the paper a latticed network has been incorporated in 
the aerial coupling circuits in order to give the requisite 
phase-difference of ' 7 r /2 between the aerial and reflector. 
The mutual impedance between the balanced trans¬ 
mission lines and the radiating wires is negligible; the 
polar curve (Fig. 36) is a measured curve and includes 
any small effect which the presence of the transmission 
line might cause. 

The tests carried out upon the model aerial system at 
Tatsfield consisted of measurements of driving-point 
impedance and of the received field round the aerials 
when driven. The tests were carried out with un¬ 
modulated signals, since the band width of the aerials 
was readily calculated from the impedance characteristics. 
The principal correction necessary in order to predict 
the performance of the real aerial, as compared with 
that of the model, is the difference in conductivity of 
the earth at frequencies employed with the model and 
the real aerial respectively. This presents little difficulty 
at the short distances involved in the measurements. 

With regard to the question as to whether delay 
mechanism has been fitted to prevent sudden increase 
or decrease of current in the filaments of large valves at 
Droitwich, suitable interlocks have been provided which 
prevent the starting of the motor-generators unless the 
field regulator is set at the minimum-voltage position. 
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j^'urther, the field regulators are motor-operated, the 
motor speed and gearing being designed to produce a 
relatively slow movement in the regnlator. It is there¬ 
fore impossible to increase the filament current at a rate 
which may be dangerous. 

With regard to the danger of sudden interruption of 
current, this point is covered by the fact that the valve 
filament is permanently connected to the armature of 
the generator, without intermediate switchgear. The 
rate of decrement of current is therefore governed by 
the rate of collapse of the generator field. It should be 
remembered that, owing to the thermal characteristics 
of the filament, rapid application of voltage is far more 
dangerous than rapid interruption. 

With regard to the lighting of the filaments of the 
modulated amplifiers, it appears that Mr. Kantebet has 
fallen into a common error on this point. Although at 
first sight it appears that a highly insulated transformer 
would be a more simple and economical method of 
lighting these filaments, when the matter is fully in¬ 
vestigated on a practical design basis it is found that 
there is little to be said for either system; and, taking 
into account the fact that the motor-generator eliminates 
all danger of ripple on the carrier, it may be said to 
possess the advantage. It is well known that to reduce 
the carrier hum due to a.c. lighting even to a reasonable 
limit, it is necessary to use a number of modulators 


heated from a pol 3 Tbase system with Scott-connected 

transformers. 

It is necessary also to provide induction regulators 
capable of regulation to zero voltage, and capable of 
extremely fine regulation around the vnrkiiig voltage. 
The transformer feeding the heating current to the 
valves must be of very lov/ capacitp’^, which involves 
special design and precludes the possibility of using oil 
for cooling or insulation. The foregoing indicates bulky 
and expensive plant, for which spares must be provided. 

The motor-generators which were installed at Broit- 
wich have proved to be entirely satisfactory, and the 
porcelain couplings have not shown sign of failure during 
the first 18 months of working. Difficulty is not ex¬ 
perienced in obtaining equalization of anode d.c. input 
and high-frequency output between the four CAT 14 
valves. This is due to the accuracy with which the valves 
are manufactured, their inherent characteristics, and the 
fact that they are operated as Class C amplifiers. 

We note that Mr. Kantebet questions the accuracy of 
Fig. 19. The method of connection showm is correct. 
The resistance shunting the grid bias is the grid-bias 
generator loading resistance, which is used to swamp 
low-frequency pulses of grid current that would other¬ 
wise flow through the grid-bias generator armature and 
produce variation in grid-bias voltage in sympathy with 
the modulation. 
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“SOME INVESTIGATIONS ON THE AXIAL SPIN OF A MAGNET AND 
ON THE LAWS OF ELECTROMAGNETIC INDUCTION”* 


Mr. W. Fordiiam Cooper {communicated ): It is un- Exactly the same conditions will hold if the ring is 
doubtedly of great value for such a careful search to attached at A' instead of at A. If, then, we replace OA' 
have been made to determine whether any evidence can and the ring by a solid disc, we can consider the disc to 
be found to justify the assumption of the rotation of a be equivalent to the superposition of a large number of 
magnetic field about its axis. Such a search for error is rings and spokes, one of which is shown in Fig, B with an 
analogous to Sir Oliver Lodge’s '' ether drift ” experi- indication of the current flow. The superposition of 
ments and to the Michelson-Morley experiment, all of these rings and spokes will give a final pattern somewhat 
which are important because no effect was found. Had as indicated in Fig. C, the current being nearly radial at 
the present authors detected a rotation of the lines of all points except near the rim. 

force, it would have been necessary to modify or supple- It will be seen that the revolving disc is equivalent to 
ment the equations of a magnetic field. The implication an infinite number of circuits such as that shown in 
that such experiments can distinguish between the two Fig. A. If the resistance of the external path OA is 
statements of the law of induced e.m.f., i.e. the rate of made high compared with that of the disc (e.g. by the 
change in total flux linkage of a closed circuit and the use of a high-resistance voltmeter) the measured e.m.f. 
rate^ of flux cutting of an element, is not, however, will be exactly equal to that derived from the diameter 
justifiable. It is clear from the account of the experi- and speed of rotation of the disc, but any current will 


A 



Fig. A Fig. B Fig. C 


ments that the e.m.f. is easily calculable on the latter 
assumption from the speed of rotation. The following 
shows how this is directly equivalent to the rate of change 
of linkage. 

ABC (see Fig. A) is a conductor ring with two con¬ 
ducting arms connecting the centre to the circumference, 
OA being fixed and OA' rotating. If the ring is placed 
in a uniform axial field, then, as Af rotates, the flux 
through OABA'O will increase and that through 
OACA'O decrease at exactly the same rate as the flux 
is cut by OA'„ An e.m.f. proportional to the rate of 
flux-cutting is therefore set up along OA', and current 
wm flow along OA' and divide and flow round the two 
circular arcs in inverse ratio to their resistances. Alter¬ 
natively, we may consider that in each of the two closed 
circuits an e.m.f. is set up proportional to the rate of 
change of linkage, and that a current will flow equal to 
the e.m.f. divided by the total resistance of the circuit. 
Both calculations wiU give the same result. As A' passes 
round the circle the direction of the current at each point 
wiU be reversed, but the direction in AOA' will be 
constant. 

* Paper by Prof. W. Cramp and Dr. E. H. Norgrove (see vol. 78, p. 481). 


disiTibute itself across the disc according to Ohm's law. 
A similar analysis can be applied to any other case. 

It may be said that there is an e.m.f. even when the 
circuit is incomplete (though it must be completed if it 
is to be measured by electrodynamic instruments), and 
that this case favours the flux cutting " law. This is 
true as far as directly demonstrable results are concerned, 
but it has already been met by Maxwell, who assumed the 
circuit to be completed by the “ displacement current," 
which again makes the two statements of the law mathe¬ 
matically equivalent, as indeed they must be. The 
answer appears to be that there is no way of distinguish¬ 
ing between the two equivalent mathematical forms of 
the same generalization, and, though the cutting theory 
seems to be less " abstract," both depend on a fictitious 
though convenient description of magnetic fields as lines 
of force. In Gray s Physics," vol. 1, the theory of 
gravitation is dealt with in the same manner, but no one 
now finds it necessary to picture the sun's gravitational 
field as a bundle ^ of lines of force, the mathematically 
equivalent law of inverse squares being more convenient. 

Mr. A. H, Finlay {communicated): This paper has been 
of considerable interest to me and I have not yet com- 
344] 
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pleted Its study. As a student I had visions of a com- 
mutatorless dynamo, and a few years later, nearly 40 
years ago, I constructed one to give about 12 volts at 
1 000 r.p.m. The armature was of a double iron~disc 
type built up of 24 sections somewhat like a commutator* 
there were 12 positive and 12 negative slip-rings. May I 
suggest that further experiments be made with two 
cylindrical bar magnets end to end having two discs 
between them, all arranged about a common axis. The 
magnets and discs could be driven in either direction 
independently about their axis, and be electrically con¬ 
nected together near the axis. Any electromagnetic 
action on the leads (which would be twin or concentric), 
from the peripheries of the discs to the galvanometer, 
could thus be eliminated. If, as the authors contend', 
the magnetic flux of a cylindrical magnet remains 
stationary when the magnet is rotated about its axis, 
what do they consider to be the motion of the flux of 
such a magnet spinning at, say, half a right angle to its 



axis or at right angles to its axis, or revolving about an 
axis parallel to its own ? 

Another suggestion is to employ for further experi¬ 
ments two coaxial hollow cylindrical magnets of equal 
length and cross-sectional area, free to be driven in either 
direction (see Fig. D). If electromagnets are employed, 
each cylinder can be provided with a coaxial coil fixed 
to it and situated in the space between the two cylinders. 
If driven at equal speeds (r.p.m.) in opposite directions, 
there would be, I think, equal e.m.f.'s generated between 
the inside and outside of each cylinder, and these e.m.f.'s 
would be in the same direction at the middle. Sliding 
contacts would be necessary to connect the outside of the 
inner cylinder to the inside of the outer cylinder, and to 
connect the inside of the inner cylinder through a galvano¬ 
meter to the outside of the outer cylinder. If the outer 
cylinder were fixed and the inner one rotated at twice the 
speed they were rotated at in opposite directions, the 
e.m.f. would remain as before, but how much would be 
generated in the moving cylinder and how much in the 
stationary one is not clear. I think they would still be 

equal, but to test this is difficult. 

Another arrangement would be to place the rubbing 
contacts near the air-gap. This idea was embodied in 
my Patent Specification No. 23192 of 1897, one object 
being to neutralize any armature reaction. 


As regards the necessity for cutting magnetic lines to 
generate an e.m.f., a helical coil could be slipped over a 
bar magnet without generating any e.m.f. in it, but it 
would have to be, as it were, screwed on, just as a cork¬ 
screw is driven into a cork. 

With reference to Section (17) and Fig. 12 in the paper, 
as the magnet makes electrical contact with the yoke, 
and especially if such contact is over the whole length 
of the bearing, there will be eddy currents circulating 
in the magnet and yoke, i.e. along the magnet and back 
through the yoke at the bearing, when the magnet is 
caused to rotate. I suggest that the space between the 
magnet and yoke should be either an air-gap (other 
bearings being provided outside the yoke) or so well 
lubricated as to prevent any electrical contact between 
them, and that a rubbing contact should be applied to 
the end of the magnet outside the yoke, the circuit 
being completed through the yoke from the outside to 
the terminal provided on the inside of the yoke, as sho\\Ti 
in Fig. 12. 

In conclusion, I should like to ask a fundamental 
question: Suppose that a cylindrical ring enclosing a long 
coaxial, stationary, straight rod carrying a constant 
direct current were moved along the axis; then an e.m.f. 
would be generated between the inside and the outside 
of the ring. Would a soft-iron ring generate a greater 
e.m.f. than, say, a copper one of the same size? 

Prof. G. W. O. Howe {communicated ): On page 482 
(vol. 78) the following statement is made as to the object 
and scope of the paper: “ experimental proofs are the 
only guide in such matters, and therefore, avoiding as 
far as possible disquisitions upon theory, the following 
experiments which they have recently carried out are 
put forward as evidence which will always be of use in 
any future discussion of the problem.'" If, however, 
the problem consists in finding an answer to a question 
which is, in reality, a meaningless form of words, no 
amount of experimenting, however carefully carried out, 
will be of any use in any present or future discussion, 
except in so far as the consistent failure of successive 
experiments to furnish an answer may lead the thought¬ 
ful reader to examine the assumptions underlying the 
question to which the experiments are expected to fur¬ 
nish an answer. 

As long ago as 1915 I published a paper* entitled 

Some problems of electromagnetic induction" in 
which, dealing with a cylindrical bar magnet spinning 
about its axis, I said the magnetic field is certainly 
undergoing no change either in magnitude or direction. 
It may be objected that although there is no change in 
the strength and direction of the field, the fines of force 
may still be rotating around the axis of the magnet. 
This appears to imply that the fines of force have an 
individuality and are capable of being earmarked like 
vortex smoke rings in air." I concluded that " there 
can be no definite answer to the question whether or 
not the fines rotate with the magnet, because it has no 
definite meaning." 

The space around a cylindrical uniformly-magnetized 
bar magnet is in a peculiar condition, which vre refer 
to as a magnetic field. The strength and direction of 
this field can be determined at every point and can be 

♦ Electrician, 1915, vol. 76, p. 169. 



346 DISCUSSION ON “ SOME INVESTIGATIONS ON THE AXIAL SPIN OF A 


represented graphically by lines either actually drawn or 
—more frequently—imagined. The number of such 
lines is purely arbitrary; one can draw—or imagine—a 
hundred, or a million, or a million million lines in any 
given case, but it is convenient to adopt the convention 
of assuming the number of lines per cm^ at every point 
to be equal to the strength of the field at that point; 
one can then refer to the strength of the field as so many 
lines per cm^. It must not be forgotten, however, that 
one is then making use of a conventional method of 
drawing or imagining abstract geometrical conceptions. 
The temperature distribution around a cylindrical body 
heated at one end and cooled at the other can be simi¬ 
larly represented by lines of temperature gradient in 
the medium in which it is embedded. If, now, the bar 
magnet or hot cylinder is rotated, do the lines rotate 
with it ? That is the question which Prof. Cramp and 
Dr. Norgrove set out to determine in the case of the 
magnet, but it requires very little consideration to see 
that, as the rotation of the magnet or hot cylinder 
causes no change whatever in the magnetic or thermal 
condition of the surrounding space, it is meaningless to 
inquire whether the lines by which we represent this 
condition have rotated or not. If one cares to picture 
the lines as rotating around the magnet, even when the 
magnet is at rest, or as at rest when the magnet is 
rotating, one can do so, for since they are only geo¬ 
metrical abstractions, such assumptions can have no 
physical import and do not alter the fact that, whether 
the magnet is at rest or rotating, its magnetic field is 
undergoing no change whatever either in magnitude or 
in direction. 

In the opening paragraph of their paper the authors 
repeat what I have already described as an unfair 
criticism of Faraday. After quoting Faraday they 
say “ he gives no details of the position of his connec¬ 
tions at all.^^ Why should he, since they were in a 
magnetic field which was constant everywhere in 
magnitude and direction ? Then the authors say 

these words confirm the opinion that Faraday sup¬ 
posed the magnetic curves to stand still when the 
magnet revolved, for only on those conditions could 
charges be produced on the magnet.This, in my 
opinion, is an unwarranted imposition of their own 
ideas on Faraday, as is also the statement that ** this 
comment evidently implies a belief that the ‘ magnetic 
curves remain stationary while the magnet spins. 
Faraday was in the habit of stating his beliefs clearly, 
and there is no hint in the quotations given that Faraday 
attached any meaning to the rotation or non-rotation of 
a field which was undergoing no change. 

Again, after admitting that '' the alternative possi¬ 
bility of a fiux of curves rotating with the magnet 
and of relative motion between them and the stationary 
connections is never mentioned by Faraday,'" it appears 
unfair to say, as the authors do on page 482, that 
Faraday inclined to the other view, thus suggesting that 

he had weighed them both up and hesitated between 
them. 

It is convenient to picture the lines of force as at rest 
vith regard to the observer—^whether the magnet is 
spinning or not—and not to introduce any unnecessary 
movements, even if they be only postulated rotations 


of geometrical abstractions, since movement of a con¬ 
ductor in a magnetic field can then be expressed indis¬ 
criminately with reference either to the observer or to 
the lines of force. This is a mere convenience, making 
for simplicity of description and calculation, and does 
not involve any physical supposition. Faraday himself 
used this convention when he concluded that whenever 
a closed conductor moves near a magnet in such a manner 
as to cut across the magnetic curves, an electric cuiTent 
fiows in the conductor." This was, to Faraday, equiva¬ 
lent to specifying that the conductor must have a com¬ 
ponent of motion in a direction at right angles to the 
magnetic field. 

The most fundamental question which arises out of 
the paper is the following: On page 482, in discussing 
the production of an e.m.f., the authors say: Shall we 
say that the revolving magnet cuts through its own 
stationary tubes or that these tubes rotate with the 
magnet and cut the stationary connections which com¬ 
plete the circuit ? " The very statement of this question 
involves the assumption of a new law of electromagnetic 
induction, which can be set out as follows:— 

A conductor at rest relatively to the observer in a 
magnetic field which is undergoing no change whatever 
either in magnitude or in direction can have an e.m.f. 
induced in it by the assumed movement of the geo¬ 
metrical conceptions—or arbitrary conventions, as the 
authors call them—known as magnetic curves. 

It must be emphasized that the experiments were not 
designed to test the validity of this law, but that the law 
was assumed in designing the experiments to determine 
whether the magnetic curves rotate or not. If one does 
not assume this law, the question set themselves by the 
authors, and the experiments designed to answer it, 
become meaningless. In my opinion this assumed 
law is an unjustifiable addition to the teachings of 
Faraday and Maxwell. It is stated in the paper that 

authors of repute contradict one another as to the 
view that the student should take.” It would clarify 
the situation if the authors of the paper would give 
references to the works of any authors of repute who 
hold or teach this assumed law of electromagnetic 
induction, and, above all, if they can find any justifica¬ 
tion for it in the writings of Faraday or Maxwell. 

Although^ it is^ 21 years since I published my first 
paper on this subject, I have never made a single experi¬ 
ment in connection with it because I have always main¬ 
tained that such experiments are merely attempts to 
obtain from Nature an answer to a meaningless question. 
This is not to say, however, that my point of view is with¬ 
out experimental confirmation, for the paper by Prof. 
Cramp and Dr. Norgrove, with its inconclusive experi¬ 
ments and the former's admission that they have made 
about 50 experiments with the same result, must be 
regarded as experimental evidence that the object of 

their search has no real existence. 

The experimental results obtained by the authors 
are all such as one would predict from the laws of electro- 
magnetic induction as laid down by Faraday and 
Maxwell. I have discussed most of the experiments 
elsewhere at various times, assuming the experimental 
facts to be obvious, and showing that any surprise which 
the observer may feel at the result is due to some such 
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misconception of the laws of electromagnetic induction 
as that which pervades the paper under discussion. The 
paper records several experiments which have not been 
previously published; these will be discussed fully else¬ 
where. In my opinion it might have been seen from the 
outset that they were not capable of furnishing an 
answer to the question propounded by the authors. 

Prof. W. Cramp and Dr. E. H. Norgrove [in reply ): 
We wish to thank Mr. Fordham Cooper for his appre¬ 
ciative comments. We are familiar with his analytical 
explanation of the disc, but we do not find it easy to 
accept for the following reason. If d is the angle 
between OA and OA' in Fig. A, and if the induction is 
normal to the ring, then when ddjdt is negative, the flux 
through the area OABA'O increases at the rate 
\{OKfddldt. In Fig. C, however, where is the angle B ? 
We do not think that anyone knowing the behaviour of 
Fig. A would have been, bold enough to predict dogmati¬ 
cally and without trial the results obtained with the disc. 
We admit that the two statements of the e.m.f. law are 
identical in Figs. A and B; but we cannot admit their 
identity in Fig. C unless we can be told what area it is 
that increases by \OA?dd in the time dt. In Fig. A the 
two current-carrying strips have a relative motion. Is 
there any such relative motion in Fig. C ? 

We have also been much interested in Mr. Finlay’s 
designs for a commutatorless dynamo, but in connection 
with his proposed experiments we would say that there is 
no reason now to suppose that the position of the leads 
from the disc to the galvanometer has any effect upon 
the electromagnetic action. 

The question that he raises concerning the motion of 
the magnetic flux due to a magnet revolving about an 
axis parallel to its own is one to which we have given 
attention. Our view is that the cylindrical magnet 
carries its magnetic effect about with it, and therefore, 
like a solenoid, establishes its magnetic circuit at each 
new position in space which it may occupy. (See footnote 
§ on page 348.) 

We have also done some experiments with hollow 
cylindrical magnets and, while agreeing that the tests 
upon an apparatus like that shown in Fig. D would be 
interesting, we fear that the mechanical dif&culties in 
the way of construction and arrangement are too great 
to make the experiment possible. 

We agree with Mr. Finlay that at the bearing of Fig. 12 
some eddy currents will exist and are difficult to avoid; 
we did, however, use the extra brush which Mr. Finlay 
suggests, working upon a brass slip-ring attached to the 
magnet. It can just be seen at the right-hand end 
in Fig. 12. 

In answer to his fundamental question, we are of the 
opinion that the cylindrical ring would have a greater 
e.m.f. if made of soft iron than if made of copper. 

Prof. Howe makes two charges against us. The first is 
that we are endeavouring to find an answer to a meaning¬ 
less question. If this question be put in another form. 
Prof. Howe may understand our position better. In a 
circuit of any kind where the existence of energy is mani¬ 
fested, it is reasonable to ask in what portion of the 
circuit the source of this energy lies. Thus, if an annulus 
has a current of fluid passing continuously round it, the 
engineer would be justified in asking where the propeller 


was situated and how driven. In the magnetic circuit, 
the ampere-turns of the exciting coil are regarded as the 
source of the flux of induction; in a simple electric circuit 
the position of the battery or generator is known. So 
too here, it is legitimate to ask whether the source of 
e.m.f. is in the magnet or in the external conductor. 
And since in this instance the generation of the e.m.f. 
is thought to be due to the relative motion of field and 
conductor, the foregoing question is tantamount to asking 
where this relative motion takes place. There are cir¬ 
cuits so symmetrical that the e.m.f. and p.d. are every¬ 
where uniformly distributed, but the cylindrical magnet 
with its external wire is surely not one of these. 

Prof. Howe then charges us with unfairness towards 
Faraday. We yield to no man in our admiration of that 
great physicist, and if we have been unfair, it is due to 
the desire to reduce our paper to the smallest possible 
compass. The quotations were limited to the “ Experi¬ 
mental Researches,” vol. 1,* but our opinion of Faraday’s 
views rests also upon the Diaries, e.g. Section 267, 
December, 1831. 

We agree with Prof. Howe’s statement of the funda¬ 
mental question at issue, but if this involves (as he says) 
a new law of electromagnetic induction, then it is a law 
which must be ascribed to Faraday and not to us. For at 
Tynemouth in 1851 Faraday re-examined this whole 
question not once, but thrice, and he stated the problem 
with his usual clearness in the Diary of July 14, 1851. 
Under that date we read:— 

”11345. When the magnet is still and the wire is 
moving, it seems unlikely that the current should be 
generated anywhere else than in the moving wire; for 
its motion or quiescence makes all the difference. But 
then, when the magnet is moving, where is the current 
then generated ? In the wire across which the curves, 
that may be supposed to move with the magnet, are 
passing ? Or in the magnet, which may be supposed 
to be moving (as the wire did) whilst the curves are 
considered as still ? Do the lines of force revolve with 
the magnet or do they not ? 

It would seem from this work of 1851 that Faraday 
did not agree with Prof. Howe that ” such experiments 
are merely attempts to obtain from Nature an answer to 
a meaningless question.” 

Prof. Howe also considers that Faraday could not be 
expected to give any details of the position of his con¬ 
nections. Faraday himself was not of this opinion, as 
will be seen from the Diary of July 12, 1851, when he 
took care to examine this question (see Section 11331). 
If we have been unfair to him, it is not in Prof. Howe’s 
sense, but in limiting ourselves to quotations from the 
” Experimental Researches” of 1832. We think that 
anyone examining the Diary will see that our thoughts 
have run parallel to those of Faraday throughout, and 
that we have carried out our intention of extending his 
investigations. 

Prof. Howe finally asks for information concerning 
writers of repute who have expressed conflicting views 
involving his new law of electromagnetic induction. 
We have shown that Faraday was one of these, but we 

* Because, though by the courtesy of Sir William Bragg we had seen the 
diaries, they had not then been published and so were not generally available. 
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may add that Steinmetz held that in an electrical circuit 
consisting of a cylindrical rotating magnet and stationary 
conductors the e.m.f. was generated in the magnet itself; 
Sir Oliver Lodge took the opposite view; and Andrew 
Gray wrote when the magnet moves, the field of force 
moves with it/' 

The references appropriate to these opinions are given 
in the paper, but our attention has recently been called to 
certain other papers, which, by confirming our own con¬ 
clusions, leave no reasonable doubt that this meaning¬ 
less question "has now been solved. Among these are the 
experiments of Barnett,of Kennard,t and of Pegram,{ 
which are all consistent and show that the seat of the 
e.m.f. in unipolar machines is in the moving conductor 
and is independent of the rotation of the magnetic field. 
Pegram shows that this conclusion is in accord with the 
theory of relativity. Finally, John T. Tate§ in an ex¬ 
haustive theoretical investigation has reached the 
following conclusions:— 


a 


The electric field in the neighbourhood of any 


* Physical Review, 1912, voL 35, p. 324; and Ser. 2,1913, vol. 2, p. 323. 
t Ibid., Sar. 2,1913, vol. 1, p. 355; and Ser. 2, 1916, vol. 7, p. 399. 

I JWi., Ser. 2,1917, vol. 10, p. 591. 

§ Bulletin of the National Research Council, Dec. 1922, p. 95. 


S5mimetrical magnetic system spinning about its axis 
of S 3 nnmetryis accounted for by the Maxwell-Lorentz 
theory to an extent determined by the cori'ectness of 
the assumptions which it is necessary to make. The 
field so calculated is in complete accord with all known 
experimental facts. 

" A theory which postulates that the lines of 
magnetic induction rotate with the magnetic system 
gives incorrect results in general, but may be used to 
calculate the integrated value of the e.m.f. around a 
closed conducting circuit, part of which is rotating and 
part stationary. 

“ A theory which postulates that the lines of induc¬ 
tion stand still while the magnetic system rotates 
through them will yield correct results if the magnetic 
system is a conductor, but incorrect results in general 
if it is a dielectric." 

Since in the case of the spinning magnet examined by 
us the magnetic system was always a conductor, it will 
be seen that the theory of Tate confirms our experimental 
conclusions. We are not clear as to what is meant by a 
magnetic system which is a dielectric. 
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“NOMOGRAMS IN ELECTRICAL ENGINEERING”* 


Mr. G. S. J. Read (New Zealand) [communicated 

It is a pity that a larger proportion of engineers do n 

possess a working knowledge of nomograms, which whi 

once constructed, are simple to use, so that calculatio 

formerly earned out by skilled and responsible perso 

can be safely delegated to unskilled subordinates. 

other cases, where a large number of similar calculatioi 

are required for statistical returns, a great deal of tin 

may be saved by their use. I had an instance of th 

where, for coal-consumption analysis of locomotive stoc 

a weekly return was instituted involving about 100 gimil; 

cremations to reduce the total coal consumption 1 

1^ per engine-mile. The clerical staff in each distri 

offiM were already fully employed and, as the return ff 

each district took 7 hours to comnii#. a . x 

+ 1 , 0 ++1,.. x_ TO compile, they proteste 

that the extra work involved was too great. A nom< 

• Paper by Ptof. R. O. Kapp (see vol. 78, p. 667, and vol. 79, p. 227). 


gram was devised, and the time taken was reduced to 
IJ hours. I feel sure that a good deal of the routine 
calculations carried out by statistical clerks could be 
e imnated if engineers would study the clerical problems 
and devise suitable nomograms. Their actual use is 
quickly learned by those who have no idea of the manner 
in which they are constructed. If a straight-edge is 
ured, important figures are often obscured; a celluloid 
stop upon which is engraved a clear black line is 
ere ore preferable. Prof. Kapp’s paper should go 
a great way in arousing interest in a subject which 
has been spai-sely treated by English writers. It is 
in the mam a product of French mathematical genius, 

Til subject more 

could not do better than refer to the works of 

is name " nomogram " 
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SUMMARY 

This paper is concerned with the spontaneous fluctnation 
voltages generated in the anode circuit of thermionic valves. 
The general behaviour of commercial valves is examined and 
is shown experimentally to be consistent with the existence of 
shot and flicker effects: an expression, equation (7), is put 
forward that is found to be satisfactory experimentally, pro¬ 
vided a correction factor A is introduced. The general 
form of this correction factor is examined; when the operating 
conditions are such that flicker effect is unimportant, A is 
found to be independent of the type of valve used, and of the 
nature of the cathode surface. Under such circumstances 
the value of A is unity when the current is very small, and is 
again unity when temperature limitation is reached; it has a 
minimum value of about 0*1 between these limits. This 
minimum is independent of frequency with thoriated tungsten 
filaments: with oxide-coated filaments the minimum increases, 
and occurs at a lower current value, as the frequency of opera¬ 
tion is decreased; this is due to flicker effect. With oxide 
cathodes, except at very high frequencies, A exceeds unity 
as temperature limitation is approached; with thoriated 
tungsten, however, this does not occur. At low currents the 
value of A is always unity, and provided the operating con¬ 
ditions are chosen such that A decreases as 1 increases, flicker 
effect can be ignored. The optimum operating conditions as 
regards signal/noise ratio usually lie in this region, and in¬ 
directly-heated oxide-coated cathodes are therefore found 
to be the most satisfactory on account of the high mutual 
conductance that can be obtained. 

Thus in general use the shot effect is the important limit to 
amplification set by the anode-circuit fluctuations. Thermal 
agitation in the anode stream is shown to be non-existent or 
negligible; interpretation of the experimental results on such 
a hypothesis is not self-consistent, nor is it quantitatively 
accurate. Fluctuation voltages due to collision ionization are 
not apparent, and the whole fluctuation observed experi¬ 
mentally can be reconciled with the existence of shot and 
flicker effects alone. 

Multi-electrode valves are also considered, and it is shown 
that the value of A relevant to the current leaving the 
cathode is sensibly independent of the electrode arrangement, 
and of the subsequent distribution of current between the 
electrodes. When the cathode stream is shared between 
several electrodes the current arriving at any one electrode 
does not necessarily yield the same value of A as that arriving 
at other electrodes, but in general the values are of the same 
order: this is explained by the existence of a fluctuating 
current travelling round the circuit connecting any pair of 
current-sharing electrodes. "When such sharing occurs it is 
important to make the current to the actual anode a large 
fraction of the total current in order to preserve a high value 
of gVi. and give a good signal/noise.ratio. The connection 
of similar valves in parallel improves the signal/noise ratio. 

The research described in this paper was carried out during the author’s 
tenure of the Ferranti Scholarship. _ . . 

The Papers Committee invite written communications, for consideratmn 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 


(1) INTRODUCTION 

It is found that the anode current of a diode valve 
contains minute spontaneous fluctuations, for experi¬ 
ence shows that there is in general a small fluctuating 
potential-difference across a resistance through which 
the anode current is flowing. The mean square value 
of this fluctuating voltage can be measured by means of 
a suitable valve amplifier; in general this voltage is of 
the order of, say, 10 jicV squared. If a current from a 
battery flows through the resistance, no such fluctuating 
voltage is observable, and therefore the effect arises in 
the diode; it is associated with the pattering of electrons 
on the anode. Such fluctuating voltages are usually 
called shot voltages."' If the arrival of electrons has 
a true random distribution with respect to time, it can 
be shown that the mean square value of the shot voltage 
is expressed by the equation 

\v\^ .( 1 ) 

where 1 is the mean value of the anode current, e is the 
electronic charge, B is the value of the resistance carrying 
the anode current, and df is the frequency range over 
which the associated amplifier is able to respond. The 
limitations of the equation (1), imposed by the amplifier, 
have often been discussed previously, f and need not be 
detailed here. 

The derivation of equation (1) assumes that the 
arrivals of individual electrons have a random distribu¬ 
tion in time. The effect of this basic hypothesis on 
equation (1) is to make the expression independent of /, 
where / is the actual frequency corresponding to the 
middle of the range df. If for a given value of df the 
observed values of \v\^ are not independent of /, then 
the disturbances are either not distributed in a truly 
random manner or else occur at a mean frequency com¬ 
parable with /. 

Equation (1), or a form of it modified to suit the 
amplifier characteristic, can be used to deduce e (the 
value of the electronic charge) from the observed values 
of 11^. Many such measurements have been made for 
this purpose, but usually the small frequency range df 
has been located at a radio frequency. Such measure¬ 
ments have yielded the correct value of e. For example, 
Williams and VincentJ derived a value for e which 
agreed with Millikan's value to 1 part in 1 000; in their 
measurements d/was located at 120 kc. 

In 1925, J. B. Johnson§ made similar measurements 
for values of df located at frequencies from 6 kc down to 
8 cycles per sec., and found that the observed values of 
the shot voltage were not independent of /. As / in¬ 
creased, the apparent value of e fell asymptotically to a 
limiting value approximately equal to the true one; at 

t See Bibliography, (3) and (4), $ Ibid., (1). § Ibid., (2). 
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10 cycles per sec. the apparent value of e was sometimes 
100 times too large. He found that the ratio of e' (the 
apparent charge) to e (the true charge) was markedly 
dependent on the type of cathode. Thus for a tungsten 
cathode, e'/e had reached its limiting value—^which in 
fact was 0 • 7 and not unity—at a frequency of 500 
cycles per sec., whereas with a coated filament e'/e did 
not reach its limit till a frequency of 6 kc. With a 
tungsten filament, e'fe was independent of the current, 
whereas for a coated filament it was not. The com¬ 
paratively narrow frequency range df was obtained by a 
selective stage in the amplifier; Johnson quotes experi¬ 
ments w^hich show that at a given resonant frequency 
of the selective amplifier, e'je is independent of the 
values of L, C, and R, for the selective circuit, provided 
always that LG is constant. 

These interesting experiments of Johnson show that 
there is a component of shot voltage due to some cause 
other than pure random emission from the cathode and 
an effect which is dependent on the character of the 
emitting surface. It is perhaps associated with ioniza¬ 
tion in the valve or with changes in the surface con¬ 
tamination of the cathode. This additional component 
will be termed “flicker effect.” In parenthesis it 
should be stated explicitly that Johnson's measurements 
were made on valves in the condition of temperature 
linadtation. Johnson's measurements do not appear to 
have been repeated. 

Equation (1) is valid only for valves in the condition 
of temperature limitation, for otherwise the fluctuating 
potential of the anode will dictate the release of electrons 
from the potential minimum in the space charge, and the 
true condition of randomness will be vitiated. Since a 
valve cannot be used as an amplifier in the region of 
temperature limitation, the problem of discovering the 
whole mechanism of the shot voltage is of technological 
importance as well as of scientific interest, for the shot 
voltage may set a lower limit to the voltages which can 
be amplified usefully. 

This paper is concerned mainly with the measurement 
of shot voltage in valves where space-charge limitation 
obtains, and it also makes some attempt to discuss the 
meaning and interpretation of the observed results. 

In the main the amplifier and the experimental pro¬ 
cedure w^ere substantially the same as those described in 
detail by Moullin and Ellis.* For certain portions of 
the work it was advantageous to modify this technique, 
and it seems best to describe such modifications in the 
sections of this paper dealing with the special measure¬ 
ments where they were used. Sometimes the amplifier 
vras provided with a selective stage in order to restrict the 
magnitude of df. When such a stage was used, the 
response rose to a sharp maximum which could be 
arranged to occur at any one of the following frequencies : 
250, 1 850, 3 200, 5 250, 15 800 cycles per sec. For the 
250-cycle maximum, the filter was of the band-pass 
type and cut off sensibly at 100 and at 1 000 cycles per 
sec. For the other frequencies simple resonant circuits 
were used, and the fractional widths at l/y/2 of the maxi¬ 
mum height were 12, 13, 19, and 20 per cent respectively. 
Also there was used a low-pass filter which cut off 
sensibly completely at 10 kc. 

* See Bibliography, (3). 


(2) MEASUREMENT OF ELECTRONIC CHARGE 
IN TEMPERATURE-LIMITED DIODES 

Measurements were made with an LS5 valve, having a 
thoriated tungsten filament, with grid connected to 
cathode; the filament temperature was reduced until 
temperature limitation was obtained. For these deter¬ 
minations it was of course necessary to use a known 
calibrating voltage and to know the response charac¬ 
teristic of the amplifier. Ten determinations of e were 
made, with various currents and at various times, using 
the filter which cut off at 10 kc. Five determinations 
were made with the filter having a maximum response at 
5*25kc, three determinations with the filter giving 
maximum response at 3*2 kc, and four with the filter 
which had maximum response at 1 • 85 kc. The mean 



Fig, I.-—VMP4 valve. R = 6kQ; EJa = 200 volts; external 
resistance. Fluctuations for various filament currents at 
0-25, 1-85, and 5-25 kc. 

of these 22 determinations yielded a value for e which 
was 0-55 per cent higher than the correct value. The 
greatest divergence from the mean was 5 per cent, and 
the greatest divergence between the mean at any 
frequency and the mean of the total was -f 0* 5 per cent. 
These experiments show that the thoriated tungsten 
filament of an LvS5 valve yields a sensibly correct value 
of e over the whole acoustic range. Hence this valve 
can be used as the “ calibrating diode.” It was found 
that the value of e deduced from an oxide-coated fila¬ 
ment in the temperature-limited condition depended on 
the frequency. This is illustrated by Fig. 1, which shows 
the value of e'/e plotted against anode current for a 
certain valve with o^dde-coated cathode. The valve was 
a pentode (VMP4) having anode, suppressor grid, and 
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screen-grid connected together, and the control grid 
connected to the separately-heated cathode. The three 
curves shown were obtained with the ampliher having 
its dominant response at the three frequencies marked. 
It may be seen that the value of e'Je is a function of the 
anode current and also decreases as the frequency in¬ 
creases. This is due to flicker effect, believed to be 
caused by bursts of emission arising out of structural 
variations of the cathode surface.’*' The effect is known 
to depend on many variables, and does not seem amen¬ 
able to quantitative discussion. 


(3) SHOT EFFECT IN DIODES WHICH ARE SPACE- 

CHARGE-LIMITED 

It is well known that the fluctuation voltage produced 
by a given current is much less when it is space-charge- 
limited than when it is temperature-limited. It has 
been stated already that equation (1) is not applicable to 
the space-charge-limited state, because the potential 
fluctuations of the anode tend to dictate the release of 
electrons from the region of potential minimum near the 
cathode. Conditions then obtaining are extremely 
complex, and a rigid statistical discussion of the problem 
does not seem to have been made. 

It has been argued by F. B. Llewellyaf that equa¬ 
tion (1) should be replaced by the following expression: 


V 




where p is the slope resistance of the valve, 1 is the anode 
current, and Iq is the total current evaporated from the 
cathode at the relevant temperature. 

On the other hand, Moullin and Ellist have argued 
that equation (1) should be replaced by the expression 



In the absence of flicker effect, experience shows that 
the fluctuation voltage is appreciably less than would 
be predicted from equation (3), and there now seems 
no doubt that this expression is wrong, or perhaps in¬ 
complete. The experimental determination of the 
term 2ilfblc in equation (2) presents considerable 
difficulty, but Llewellyn and others find that when the 
determination has been made the observed fluctuation 
voltage with complete space-charge limitation is much 
more than would be predicted by equation (2). 
Llewellyn attributes the discrepancy to the simul¬ 
taneous existence of another effect. He considers 
that the anode stream is also the seat of a thermal 
agitation voltage; a fluctuation voltage whose magni¬ 
tude is equal to that which would exist across a metallic 
resistance of value p if it were at the cathode tempera¬ 
ture. Moullin and Ellis state, however, that they cannot 
understand the existence of an agitation voltage in the 
anode stream. If the total fluctuation be the sum of 
two distinct effects, it is extremely difficult to analyse 
the contribution made by true shot effect. To elucidate 
this consideration, Pearson§ has publishedUately some 
measurements on valves working in circumstances 

* This explanation was put forward by Scbottlsy. See Bibliography, (9). 

t See Bibliography, (4). f IWi., (3). ^ Ibid., (6), 


where the contribution predicted from equation (2) 
should be negligible. He shows that the observed 
fluctuation voltage has the form of an agitation voltage, 
but that the apparent temperature is about half that 
of the cathode. More recently the author’*' has shown 
that the exponential form of the characteristic in the 
retarding-field region makes Pearson’s results conform 
precisely to equation (3). In short, in this region I and p 
are related to the cathode temperature in such a way 
that the value of j 'W is then equal to the agitation 
voltage in a metallic resistance at half the cathode 
temperature. Such further experience of the author 
confirms his belief that Moullin and Ellis are correct 
in holding that agitation voltage does not exist in the 
anode stream. Further evidence of this will be given 
in the paper. Accordingly this paper will proceed on 
the belief that agitation voltage does not exist and that 
the whole fluctuation is due to shot effect. On this 
basis, equation (2) bears no relation to the results 
observed in practice. Accordingly the author has 
used throughout the incorrect equation (3) as a basis 
of comparison. It is therefore appropriate to discuss 
first the extent to which this equation is of the correct 
form. 

Recently W. H. Aldous and N. R. Campbellf have 
made an analytical study of an associated problem. 
Their statistical reasoning leads them to conclude that 
all known theories of fluctuations are inadequate when 
p is finite, and that an adequate theory is far beyond 
our present reach. Until it is available, all conclusions 
concerning experiments in space-charge-limited con¬ 
ditions are precarious.” In the face of this conclusion, 
it seems perhaps inappropriate to consider further the 
use of equation (3) as a basis of comparison. But even 
though the difficulties of a sound theoretical approach 
to the problem seem overwhelming, it is not futile to 
search for an ordered and consistent behaviour of 
experiments. There is much to recommend an attempt 
to maintain an expression based on (3), because the 
factor |^jRp/(jR d- p)'^ will also appear in the expression 

for the signal output of an amplifying stage. Unless 
experiment shows that it is quite unsuitable to retain 
such a factor, the technological convenience thereby 
gained does much to outweigh its flimsy theoretical 
basis. Moullin quotes measurements which show^ that 
if 1 is constant, then \v\^ varies as [Rpl{R -f p)f : the 

present author has repeated and confirmed such measure¬ 
ments, and some of these appear incidentally in this 
paper. If such a factor is to be retained, it is desirable 
to be able to measure it experimentally rather than to 
rely on values of p derived from the static characteristic. 
The author has described! recently a simple method of 
doing this. Since then, a further modification of tech¬ 
nique has been made which makes measurements possible 
in the circumstances when the anode current is so small 
that the shot voltage it produces is less than the agita¬ 
tion voltage in the load resistance R. 

Thus, referring to Fig. 2, the scale of the output 
galvanometer was first set to read zero with the resistance 
R short-circuited. Then, with the valve cathode cold 
and hence with p infinite, the deflection noted, 

* See Bibliography, (6). t Ibid., (7). t Ibid., (6), 
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due to thermal agitation in R and expressible as a 
voltage [ |2 = 4JRJkTdf. Then, with p still infinite, a 
known calibrating voltage of value was introduced 
at S, in series with R, and there resulted a deflection fig* 
The known calibrating voltage was then expressed in 
terms of an equivalent fluctuating current Jg by means 
of the equation 

= 2I^eE^df . (la) 

From the known values of R, Ic, and T, it is also possible 
to express | ^ in terms of an equivalent current such 

that 


Hence 


4E7cTdf = 2I^eR^df 

01 _ I ^11 

0z - 01 


In practice it is found that the values of deduced from 
(5) differ slightly from those calculated from (4). The 
discrepancy is due to a trace of grid current in the first 
stage of the amplifier. This discrepancy does not 



Fig. 2 


matter provided the value of 1^ which is used is the 
apparent value deduced from (5), since the disturbing 
trace of grid current remains unchanged. 

The experimental valve was then switched on and 
adjusted to the desired condition of operation, and 
the deflections 6^ and 9^ respectively were recorded 
which then resulted without and with the calibrating 
voltage at S. The valve slope resistance will, in general, 
be finite and it follows from the circuit of Fig. 2 that 

0i-0s ^ f p 

02-01 Vi? -1- pJ 

and thus pl{R + p) is found experimentally. 

Let Jg be that apparent current which, according to 
equation (3), would produce the observed deflection 6^. 
Then 



Since equation (3) is known to be incomplete, we now 
modify it by writing 

... ( 6 ) 

where ^ is a correcting factor and is the same as the 
ratio e'je already used. 

The thermal agitation voltage p in R results from a 
mean square current | p such that 

U* p 


Again the disturbance from the anode current I can 
be expressed in terms of a mean square current I L p, 
such that 

\i^\^^2AIedf 

When the resistance R and the valve (of slope resistance p) 
are in parallel, there is a current | P + | ^’2 1^ flowing 
through the joint resistance of R and p in parallel. 



== + AJ, from (4). 


Thus the factor A can be determined. It is only when 
either J or R is very small that is comparable with AI. 

By this means it has been possible to determine 
A for values of I down to a few microamperes. Fig. 3 
shows the values of A so deduced from measurements 
on a valve with a thoriated tungsten filament (LS5): in 
this figure it has been found convenient to plot log A 
against log I. 

The two curves in this figure relate to measurements 
with the grid connected to cathode and also with it 
connected to anode: such change involved about a five¬ 
fold alteration of anode voltage for a given current. It 
may be seen that A tends to unity when the current 
tends to zero. Hence equation (3), unmodified by the 
factor A, is evidently a limiting form which is correct 
when all the current evaporated passes to the anode and 
also when a very small fraction of it passes to the anode. 
It should be recorded that even in the low-current range 
where A is unity, p was still found comparable with R. 
That A tends to unity has already been pointed out by 
the author. 

It may be seen that A falls to a minimum value of 
about and that the value of A for a given current is 
substantially independent of the electrode spacing, as 
represented by changing the connection of the grid. 
The linear branch of Fig. 3, which extends from about 
0-02 mA to 2 mA, has a slope of — 0-5. The logarith¬ 
mic plot of the characteristic is also shown on the figure, 
and its slope is sensibly 1’5. Hence it follows that on 
the linear branch AV^ is sensibly constant.’’" 

Fig. 4 exhibits similar curves for a diode having a 

^ * Fig. 3 also gives the values of R used in determining A. The curve is con¬ 
tinuous, and the value of A is evidently independent of that of R\ the use of the 
term •+• p)] in equation (6) is therefore justified experimentally. 
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Fig. 3.—Dependence of factor A on anode current. 


□ With grid connected to filament negative. 
O With grid connected to anode. 

-Valve characteristic. 



Fig. 4.—Special diode valve. Variation of A with anode current, for J/ = 2 - 6, 2-8, and 3-4 amps.; 5*25-1^0 filter.. 
VoL. 79. 23 


Anode voltage,volts 
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thoriated-tungsten liiament, which had been constructed 
for a special purpose. This figure shows that, for a 
given current, A increases slightly with the temperature 
of the filament. It should be noted that the linear 
portion of the curves again has a slope of the order of 
— 0*5. 

If Llewell^m's equation (2) is correct, the true shot 
effect is negligible throughout the scope of Fig. 3, and 
he would interpret the observed fluctuation in terms of 
thermal agitation. Accordingly he would express the 
fluctuation by the equation^ 




whereas the author would express it as 




/ Up 

[B + pJ [ R 





the electrode arrangement and on tlie current, seems 
to the author to prove that the hypothesis of tlienriai 
agitation in the anode stream is untenable. Tlie 
observed fluctuations do appear consistent witli a, sliot 
eflect and are certainly not consistent with an inten*- 
pretation in terms of thermal agitation: be it noted tliat 
such an interpretation requires a temperature which is 
some six times the melting point of tungsten (see Fig. 5). 

Sometimes it is held that the action of ions on the 
space charge make an important contribution to the 
observed fluctuation voltage. Ballantine'’^' has shown 
that these effects may rise to sudden maxima at certain 
frequencies, but show no steady change with frcujucnc^^ 
such as is found with flicker effect. The author bt'liec'os 
that such effects do not constitute an apprecia.I)le 
source of noise in commercial valves, and that such noise 
is substantially all due to shot and flicker effect. Fig. 6 
relates to tests on an indirectly heated oxide-cathode 
pentode valve, used as a diode. In this valve the flicker 
effect was marked, in that the observed fluctuation 
voltage was dependent on the position of the frequency 
range df. Fig. 6 shows, to a base of filament ciuTent, 
the ratio of fluctuation voltage at 0*25 kc to that at 



Fig. 6. VMP4 valve. E = 6kt2; Ea. = 120 volts; external 

resistance. 

(a) Ratio of fluctuations at 0*25 kc to those at J5-25 kc. 

[b) Ratio of fluctuations at 1-85 kc to those at 5-25 kc. 


Comparing (8) and (7), it follows that 




c 


2AeIp 

Ak 


By this meaiis, apparent values of Tq have been deduced, 
and are exhibited in Fig. 5. It may be seen that the 
apparent temperature varies enormously with the anode 
current, though the fllament current was constant, and 
also is a function of the electrode arrangement. It should 
be noted that when the anode current is very small 
in the retarding-fleld region of the characteristic, the 
apparent temperature for either arrangement of elec- 
teodes tends to the same value, which is about 1 000° K. 
Thus, as in the previous paper, f the apparent temperature 
IS about half the true temperature, as is in fact demanded 
by the exponential form of the characteristic. That the 
apparent cathode temperature depends enormously on 


6-25 kc and also the ratio at 1-85 kc to that at 5-25 kc. 
For filament currents below about 0-87 amp. the valve 
is temperature-limited and space charge is not present. 
Hence in this region ionization effects cannot make 
a contribution. Shot and ionization effects are indepen¬ 
dent of frequency, and flicker is dependent on frequency. 
Hence the appearance of ionization would be expected 
to cause a decrease^ in the ratio of the fluctuations 
observed at two different frequencies; for then the 
component dependent on frequency would be relatively 
less important. But the curves of Fig. 6 are continuous 
V temperature-hmited to the space-charge- 

® show an upward tendency. 

Prom this it is argued that no appreciable ionization 
effect IS present. 

fT?® dependence of fluctuation voltage on the position 
of the frequency range df is well illustrated by Fig. 7. 
itus figure relates to measurements of I v |2 at various 
requencies, on three different valves operated in given 

* See Bibliography, (8). 
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constant conditions. The valves were the LS 5 described 
already, a separately heated triode (MH/D 4 ) and 
separately heated pentode (VMP4). In all three valve, 
the control grid was connected to cathode, and the 
remaining electrodes were connected together to form 
a composite anode. In each valve the anode potential 
was adjusted to give a current of 6 mA. Fig. 7 shows 

the quantity A, appropriate to this current plotted 
against frequency. ’ 

It may he seen from the figure that, for the LS 6 
valve, A remains constant for frequencies between 
1 ■ S kc and 15-8 Icc. Accordingly this valve is said to 
be free of flicker effect: for if A is found to be a function 
of frequency, then flicker effect is said to be present 

The curve for the MH/D4 valve shows that, over the 


Figs. 8 and 9 show iog 4 plotted against log I for two 
valves having oxide cathodes, namely the MH/D4 and 
the P220. These figures should be compared with 
Figs. 3 and 4 for valves with thoriated tungsten cathodes. 
Figs. 8 and 9 are similar in general form to Figs. 8 and 4 ,' 
in that the value of A starts at unity and falls by a linear 
brancti to a minimum value. The slope of the linear 
branebes is once more of the order - O-o; but now the 
minimum ^ value is dependent on frequency, whereas 
with tboriated tungsten it is not. The linear branches 
are not very dependent on frequency, because in this 
range ^the current is less than 1 mA. Since the flicker 
eflect is proportional to some power of the current, it is 
not dominant over the linear branch. The flicker 
eflect tends to zero with I. To investigate this, 10 



Frequency, cycles per sec. 


Fig, 7.—Variation of A with frequency for two oxide cathodes (VMP4 and MH/D4) and thoriated-fungsten filament (LSo). 

(a) Separately-heated pentode {VMP4). (b) Separately-heated triode (MH/D4). (c) LS6 valve. 


same range of frequency, A varies as some power of 
the frequency. The curve for the VMP4 valve relates 
to frequencies between 0*25 kc and 5*25 kc, and here 
again A varies as some power off. It should be noted 
that the slope of the line relating log A and log/ is a 
function of the anode current. 

Fig. 7 shows that, at anode currents of this order, in 
valves with oxide-coated cathodes, the flicker eflect is 
much greater than the true shot eflect over the whole 
acoustic range of frequencies. Consequently such valves 
are unsiiited to a study of true shot eflect; also in 
technical a.pplications of such valves the true shot eflect 
is unimportant in the low and middle acoustic range. 
The curves of Fig. 7 bear out common experience that 
flicker effect decreases with frequency, and he.nce pre¬ 
sumably the true shot effect from an oxide cathode 
could be studied if measurements were made at a 
sufficiently high frequency. 

* The additional double-diode anodes in this valve were ignored. 


values of A were deduced for various currents less than 
20 fjiA: the mean value so obtained 'was F03, and indi¬ 
vidual values ranged between 0*95 and 1*07. 

Again, it should be noticed that for any given current 
the value of A is sensibly independent of the electrode 
arrangement as represented by changing the connection 
of the control grid: a change which involved a 40 to 1 
change of electrode potential in the JMH/D4 valve. 

It is established that A tends to unity when the 
current tends to zero and also when it tends to the 
saturation limit. Hence A must pass through a mini¬ 
mum for some value of I: this is illustrated by Figs. 3, 4, 
8 , and 9. It would be of interest to know what regulates 
the value of this minimum. Figs. 8 and 9 sho'w that 
the minimum value for an oxide cathode depends on the 
frequency, and hence the true limiting value, if it exists, 
could be studied only at radio frequencies. The avail¬ 
able high-gain amplifier was not suitable for such an 
investigation. 
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Pure tungsten cathodes are not admissible because, an LS5 and a special diode. For these two valves, 
as is well Imown, they emit positive ions which produce (see Figs. 3 and 4) lay between 0*05 and O-ll. 

a fluctuation voltage other than that being considered These curves, and other measurements, have shown 



10 10 -‘ 1 10 

Anode current, mA 

Fig. 8.—Marconi MH/D4 valve. 


Curves A with grid to anode. Upper curve of each pair at 5 *35 kc (o). 

Curves B with grid to cathode. Lower curve of each pair at 16 • 8 kc ( □ ). 

-Valve characteristic. 
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Fig. 9.—^Mazda P220 oxide-coated filament. 

Upper two curves grid to anode □ 15 kc, o 5 kc. Lower two curves grid to filament negative □ 15 kc, o 5 kc. 

been possible to observe that A^i^. decreases as the cathode temperature is in- 

■cShodtf tungsten creased. A full investigation could be made only if a 

athodes, and for this only two valves were available, wide range of valves with thoriated filaments were 
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available. Further, such filaments are always directly 
heated; the importance of cool end effect/' and of the 
potential drop along the filament, cannot be estimated. 

(4) SHOT EFFECT IN MULTI-ELECTRODE 

VALVES 

This paper attempts to relate the observed fluctua¬ 
tion voltage with an expression of the form of equation (3) 


supplying the various electrodes: thus it carried the 
total current emitted from the cathode and collected 
by the electrodes. Fig. 10 shows the apparent current 
plotted against the actual current. The curves relate 
to the valve used as a diode and also as a pentode 
with three different anode potentials. The total current 
was varied by means of the potential of the screen 
grid. It may be seen from Fig. 10 that the apparent 
current is sensibly independent of the manner in which 



Fig, 10 

Points o refer to diode connection with resistance in anode lead. Points □ refer to pentode connection with resistance in cathode lead and 

Points X refer to pentode connection with resistance in cathode lead and == 18 V. 

= 0. Points A refer to pentode connection with resistance in cathode lead and 

= 80 V. 

or equation (6): an essential feature of these equations is a given current I is shared between several electrodes, 

that \v\^ is proportional to I and is independent of the The same valve was used as a triode, and the total current 

electrode potentials except so far as these dictate the varied by adjusting the negative potential of the con- 

relevant value of p. Accordingly it is of interest to trol grid. With this arrangement A was slightly larger 

see whether fluctuation voltage is affected by sharing than is shown by the diode curve of Fig. 10, the dis- 
a current I between several electrodes. For this purpose crepancy increasing with the negative bias, but never 

a pentode valve was employed, which could be used as exceeding 20 per cent. Possibly this eflect is due to 

a diode by connecting the screen grid, suppressor grid, the control grid wires, which were very close to the 

and anode, together, or as a pentode. The control separately heated cathode, producing just underneath 

grid was connected to the cathode in both arrangements, them a weak or even negative field. It is worth noting 

The output resistance E. was connected between the that, in the pentode use, the value of p is not infinite: 

cathode and the common connection from the batteries the relevant value was found experimentally as explained 
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in Section (3), and is dominated by the screen-to-cathode 
slope resistance. 

But although the total fluctuation voltage produced 
by a given current seems to be independent of the 
potentials of the electrodes among which it is shared, 
yet it appears that the fluctuation due to a portion 
of a total current % flowing to electrode No. 1, is not 
equal to of the whole. Thus consider first Fig. 11, 
which shows apparent anode current plotted against 


different values of A are appropriate to a given anode 
current. But if the total current is recorded when a 
given anode current is obtained in some specified manner, 
the appropriate value of A can be found by reference 
to the curve for the valve used as a diode (Fig. 10). It 
might then be expected that | ^ p could be predicted from 
equation (6) if the relevant current was the anode 
current and the relevant A was for the total current. 
The value of pp was observed as a function of anode 



Fig. ll.—Anode fluctuations of VMP4 valve used as a pentode over 0-10 kc band. Current varied 

by adjusting screen-grid voltage. 

^ Curve (a): = 190 volts. Curve (6): = 30 volts. Curve (c): B == 18 volts. 


measured anode current, for three different constant 
values of anode potential: the anode current being 
varied by means of the screen-grid potential, and con¬ 
trol and suppressor grids being connected to cathode. 
It may be seen that the ratio of apparent to true anode 
current increases as the anode potential decreases. This 
is not in disagreement with equation (6), for we associate 
A in this equation with the total current drawn from 
the cathode. Since a given anode current can belong 
to a wide range of total current, it is to be expected that 


current with the load resistance R in the anode lead 
and with the screen connected directly to its battery: 
also with R in the screen lead and with the anode con¬ 
nected directly to its battery. Fig. 12 shows the values 
deduced for screen or anode current plotted against 
the total current: it also shows the values deduced from 
equation (6) using the values of current and of A explained 
previously: the predicted values are appreciably greater 
than the true values. A similar curve was obtained: 
at a frequency of 5-25 kc instead of 0-25kc, and then 
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the predicted values were too small (see Fig. 13). But 
at both frequencies the discrepancy between the pre¬ 
dicted and the true screen current, at any given total 



Total current, mA 


Fii. 12.—VMP4 valve. Fluctuations at 0 ■ 25 kc. 

(a) Measured and predicted values of anode fluctuations. 

(b) Measured and predicted values of screen fluctuations. 

current, is apparently equal to the discrepancy between 
the predicted and the true anode current. Thus it is 
as though there were a fluctuation current circulating 
between screen and anode, and superposed on the 
fluctuations arising at the cathode. It would seem that if 
there were no fluctuations arising at the cathode, there 
might still be fluctuations in the portion falling on the 
anode. Experiment appears to show that this is cor¬ 
rect, for the fluctuations arising at the cathode can 
be smoothed artificially by suitable use of the control 
grid, if this is connected as shown in Fig. 14. A resis¬ 
tance of value about 2 kQ, is connected in the 
common cathode lead. The control grid is connected 
to cathode through a resistance of about and a 

capacitance C of about 2 uF is connected as shown in 
the figure. The fluctuation voltage produced by K 
is imposed on the control grid and thereby excites 
corresponding anti-phase fluctuations. The screen was 
connected to anode and the values of | ^ produced by 



Fig. 13.—-VMP4 valve. Fluctuations at 5-25 kc. 

(а) Measured and predicted values of anode fluctuations, 

(б) Measured and predicted values of screen fluctuations. 


R were observed as a function of anode current; The 
lowest curve in Fig. 15 shows the values thus deduced 
for total-apparent-current plotted against the actual 
total current. It may be seen that the action of the 
control grid almost completely removes the fluctuation. 


The two pairs of curves show the fluctuation voltage, 
expressed in terms of equivalent current, obtained by 
placing the load resistance R in the anode lead or in the 


R 



Fig. 14 


screen lead for two diferent constant values of anode 
potential. It may be seen -that sensibly the same 
result is obtained whether the fluctuations are measured 
in the screen lead or in the anode lead. Measurement in 
these two circumstances should not yield precisely the 
same result, for the fluctuations arising from the cathode 



Total current; mA 
Fig. 15 


O Fluctuations in anode lead. Upper pair; := 63 volts. 

A Fluctuations in screen lead. . Lower pair: = 240 volts. 

Dotted line shows fluctuations in valve used as diode, indicating the extent 
of “ smoothing.’' . 

have not been reduced completely to zero. Thus, 
suppose the fluctuation in the anode lead is due to a 
part arising from the cathode, and a part B due to 
the sharing of current between ■ the two electrodes: 
similarly, that the fluctuation in the screen lead is due 
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to C 2 and B. So that Fa = 0^ -j- B, and = C 2 + B; 
where it is supposed that 0^ -f <>2 = is equal to the 
total residue cathode effect measured by the lowest 
curve in the figure. Accordingly^ Fa — F^ = € 2 ^ 

It may be seen that Fa — is in general less than D. 
Further, on the assumption that and 

Og = {IslI'r)D, it is possible to deduce the curve of B 
from the observed values both of Fq and of F^^, When 
this is done, it is found that the two curves of B are 
indistinguishable. In these measurements steps were 
taken to make D small compared with B, and hence 
the results are unsuitable for testing the validity of the 
method of deducing C-^ and Cg from D. This is better 
investigated from Figs. 12 and 13, in which the points 
marked by a cross are obtained by adding the dis¬ 
crepancy between the calculated and the observed 
screen fluctuation to the predicted anode fluctuation. 
The crosses are very close to the curve of observed anode 
fluctuations. It must be noted that the value of B, as 
defined previously, is negative at 0*25 kc and positive 
at 5*25 kc. 

(5) SIGNAL/NOISE RATIO 

It follows from equation (7) that the ratio of signal 
to noise is given by the expression 


nated by thermal agitation in the input circuit. This is 
not so, because they are possessed of a maximum value 
of ^2/1, which far outweighs the advantage of the smaller 
values of A associated with the thoriated tungsten, 
especially since this maximum occurs at small currents, 
for which flicker effect has been seen to be relatively 
less important. For example, in the range 0-10 kc 
the average value of A for a current of 1 mA in an oxide- 
cathode valve is about 0 • 5 and the maximum value of 
g^jl is about 10, giving an optimum g^l{IA) of about 20. 
For a thoriated tungsten valve, such as the LS5, A is 
about at the maximum value of g^jl, which is about 
0*1. Hence the optimum value of g^l{IA) is about 2. 
It is only in circumstances when the amplifier cuts 
off all frequencies above, say, 100 cycles, that it may be 
advantageous to use a thoriated cathode; for example, 
in the normal use of electrometer valves. 

In a tetrode or pentode valve, it is important that the 
anode current should be as large as possible compared 
with the sum of anode and screen currents. For, with 
a given total current, g is proportional to lal^T* can 
be written g^^Ial^T^ where g^ is the value when screen and 
anode are connected. We have seen that, in general, 
equation (6) is substantially correct, provided that A 
has the value appropriate to the total current, and it 
follows that 


'Signal' 
. Noise- 


\\ g‘^V% 
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f fAkT \ 

\~B —^ 

\ Noise / 


X 10 
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provided there is no thermal agitation in the grid 
circuit. Taking T = 290° K., 1 in mA, and B in kO, 
this reduces to 


/Signal\2 3.1 X lO^V^I 
\Noise/ ^ 


JA^l + 


1 


20IAB. 
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Since A is seldom much less than the term in R will 
be comparatively unimportant so long as IB is greater 
than, say, 5. 

Experiment shows that the curve relating g^/I and I 
always passes through a maximum value. This maxi¬ 
mum ranges between 10 in modern oxide-coated cathodes, 
and 0*1 in thoriated-tungsten cathode valves, such as 
the LS5 type. Since A falls as I increases, the maximum 
value of g^l{IA) is likely to occur at a current greater 
than that corresponding to the maximum value of 
Further, we have seen that in general there is a con¬ 
siderable portion of the valve characteristic over which 
A is roughly proportional to J-o-s. ^ow if the valve 
obeys the f-power law we have g^jl proportional to 
and therefore g^l{IA) varies roughly as 
Thus if the anode current is greater than that giving 
the maximum value of g^/T, and lies on the linear branch 
of the variation of A, the operating conditions will be 
close to the optimum, which will not be critical. Experi¬ 
ment has shown that there is indeed a considerable 
range of current over which the signal/noise ratio is 
sensibly constant. 

It might be thought that the predominance of flicker 
efiect with oxide cathodes would preclude their use in 
circumstances where the signal/noise ratio is not domi- 


and this ratio increases in direct proportion to Jc/Iy. 

Possibly this factor may be of importance in multi¬ 
grid frequency-changing valves; especially when com¬ 
bined with the fact that the '' conversion conductance 
of such valves is known to be only about one-fifth of the 
mutual conductance. It is perhaps worth noting that 
the signal/noise ratio can always be increased by con¬ 
necting several similar valves in parallel, for thereby the 
ratio g'^jl is increased in proportion’* to the number of 
valves in parallel. 
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THE NON-LINEAR THEORY OF THE MAINTENANCE 

OF OSCILLATIONS 

By Ph. le CORBEILLER, Sc.D. 

[Lecture delivered before the Wireless Section, Zrd April, 1935.) 


INTRODUCTION 

During the last fifty years a remarkably simple and 
powerful theory of harmonic (or sinusoidal) oscillations 
has been developed, with which every student of elec¬ 
tricity is now familiar and which has enabled engineers 
to predict with accuracy the behaviour of innumerable 
machines or networks in the electrotechnical, wireless, 
and transmission fields. More recently the method has 
been applied to mechanical, electro-mechanical, and 
acoustical systems, so that it now forms the technical 
background of the gramophone and cinema industries, 
and is beginning to be used in civil engineering. 

This fundamental theory presupposes that all the 
physical phenomena involved in the working of a given 
system follow linear ” laws (such as Newton’s law, 
f = mx; Ohm’s law, e = Ri; Faraday’s law, e = Ldijdt, 
and so forth); for which reason we shall call it the linear 
theory.” 

Important problems, however, which can be shown 
to depend upon non4ineay differential equations, are 
constantly arising. Since the mathematical theory of 
these is but little advanced, the study of such problems, 
desirable as their solution may be, presents great diffi¬ 
culties. It is entirely in keeping with the essential 
mathematical disparity between linear and non-linear 
equations that the so-called ” non-linear ” physical 
phenomena should present interesting new features, 
specifically their own. As instances of such phenomena 
may be quoted the generation of oscillations, synchroniza¬ 
tion, oscillation hysteresis,. frequency de-multiplication, 
cross-modulation, and so forth. The theory of all of 
these has been carried up to a certain point, explaining 
the main characters of the phenomena but still leaving 
much to be found. The first of all in logical order, and 
presumably the simplest, should be the phenomenon of 
the generation of oscillations, and it is the purpose of 
the present lecture to give a connected account of what 
has been found in this field, and to point out the problems 
still awaiting a solution. 

INADEQUACY OF LINEAR THEORY. 

Let us first present the line of argument by which it 
is attempted, in elementary textbooks, to explain^ how 
oscillations are generated (or ” maintained,” or ” sus¬ 
tained ”) in a series resonant circuit. This circuit 
[L, C) will have a resistance R and, if it were alone, 
disturbances induced in it would die out exponentially 
according to the linear equation 

iff -f JBj +1 = 0 . . ■ • (1) 

o 


Now if the equations of the whole generating system 
are set up, assuming linear relations througliout (in 
particular, if a triode is present, taking 

“T .(2) 

for the equation of its characteristics) it is foun,d that 
equation (1) is replaced by 

£§ + {2J-r)2 + |=0 . . . 3) 

in which r is an expression which depends upon the 
constants of the circuit, and has the same ** dimensions ” 
as a resistance. 

It is seen that the combined effect of the whole sus¬ 
taining system (for instance, battery, triode, and retro¬ 
action circuit) is to introduce into the resonant circuit 
the so-called negative resistance (— r). If, then, we 
are told, the values of the constants are such that 
r becomes just equal to R, then equation (3) itself becomes 

-j- ~ = 0.(4) 

which is satisfied by a sinusoidal function of time, 
g — Q sin (27ri/T), of period T = Srr ^ mathematical 

entity apparently adequate to represent a ** sustained 
oscillation.” 

This mode of reasoning is open to three objections, and 
it would be difficult to say which of these is the most 
damaging:— 

[a) Surely r cannot be exactly equal to E ; it must be 
smaller or greater, no matter by how small a quantit\% 
If smaller, oscillations will die out; if greater, the}? will 
increase indefinitely. We should never be able to hit 
upon ” sustained oscillations.” 

[b) Given that r is exactly equal to i?,'the amplitude 
of the oscillations satisfying equation (4) would be 
determined in each case by the “ initial conditions ” of 
the movement; physically this would mean that Q, 
and therefore the power vrhich the generator will put 
into a given load, can take any value according to the 
way the generator has been started—surely a distressmg 
consequence. 

[c) Lastly, our theory? does not fit with experiment. 
For, if we control r by, say, varying the coupling in the 
feed-back transformer, it is true that the generator will 
refuse to oscillate as long as r keeps smaller than Ri 
but oscillations will not increase indefinitely when r 
gets bigger than i2, which remark, one might say, answers 
objection [a) as far as practice goes, but at the same time 
gives the lie to our fundamental equation (3). 
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Surely, then, the linear theory fails to account for 
the working of an oscillator. But there is a deeper 
and simpler reason why it should do so, to which we shall 
now proceed. 

The purpose of an oscillator is to bring power to the 
load at a definite frequency. If we ask where this 
power comes from, the answer in the case of a triode is 
“ from the plate battery.” Now a battery, if con¬ 
nected directly to a load, will deliver power into it at 
zero frequency; so that if we consider our oscillator to be 
composed of three parts (see Fig. 1), where (i) is the 
battery, (iii) the load, and all the rest of the system forms 
one intermediate part (ii), we see that the function of 
the whole part (ii), triode and network, is that of a 
frequency transformer. 

It is not at all surprising, then, that linear equations 
should fail to account for the functioning of an oscilla¬ 
tion generator. It is, in fact, a fundamental property of 
linear differential equations with constant coefficients, 
or of the physical transmission systems which they 
represent, that whenever one of the variables (a velocity, 
a current, etc.) oscillates harmonically at frequency /, 
all the other variables will oscillate harmonically at the 
same frequency. The equations give us then the 
relative amplitudes and phases of all these synchronous 
oscillations. Conversely, when the problem is to account 


j: 

(i) i 
L 


Fig. 1 

for a frequency transformer like our triode oscillator, no 
linear equation or equations whatsoever will be equal to 
the task. This is indeed what we found of the otherwdse 
promising equation (3), and we see that we need not try 
out any other linear combination, but should rather 
plunge resolutely into non-linear theory. 

INTRODUCTION OF NON-LINEARITY 
BY LORD RAYLEIGH 

The inadequacy of the linear theory had already 
appeared to Lord Rayleigh, and with his usual deep and 
constructive insight he saw at once the correct way out 
of the difficulty.^ Equation (3) can be written as 

q -j- Kq = 0 , . . , ( 5 ) 

Lord Rayleigh said “ When K is negative, so that 
small vibrations tend to increase, a point is of course 
reached after which the approximate equations cease to 
be applicable. We may form an idea of the state of 
things which then arises by adding to equation (1) 
a term proportional to a higher power of the velocity. 
Let us take 

q -j- {Kq -f- K'^) = 0 , . . (6) 

in which J? and EU are supposed to be small. The ap¬ 
proximate solution of (6) is 

K'nA^ 

q = A sin nt -f —— cos 3n^ . . (7) 

* See Reference (4). 


in which A is given by 

K -f _ 0 ^ ^ ^ ^ (gj 

From (8) we see that no steady vibration is possible 
unless 1C and AT'have different signs. . . . If A be nega¬ 
tive and K' positive, the vibration becomes steady and 
assumes the amplitude determined by (8). A smaller 
vibration increases up to this point, and a larger vibration 
falls down to it.” 

We have in these few words the notion of an asymp¬ 
totically periodic solution put before us in a remarkably 
concise way; perhaps even too concise, but we shall 
come back to it later on. For the present let us remark 
that while Lord Rayleigh in the above passage has 
shown what mathematical expression might suitably 
be added to the basic equation (5), he has not told us 
where this term might come from physically. It is of 
course important to clear up this point and we shall now 
do so, beginning with the simplest electrical oscillator of 
the series type, 

THE SERIES OSCILLATOR 

Let us consider* a circuit (Fig. 2) made up of four 
elements in series: an ordinary L, A, and C, and a certain 
dipole which we shall denote by the letter N. Let us 

L f^C 

I-WW-dfifUlP-II-, 


Fig. 2 

suppose that N is such that the relation between the 
potential difference v between its terminals and the 
current i through it is given by the equation 

V ~ p% -{-y- . . . . (9 

Then the equation for the current in the series system 
will be 

Lq + (E - p)q -f y- 4- ^ = 0 . . (10) 

that is, exactly of the type suggested by Lord Rayleigh. 

Now can we actually have a dipole with such a charac¬ 
teristic as (9)? The answer is: We can, and in two 
different ways. In the first place a series dynamo, if 
we take into account the two possible directions of the 
current through it, and observe carefully the signs of t; 
and i, has precisely such a characteristic (Fig. 3). There¬ 
fore, a series dynamo should be able to sustain oscilla¬ 
tions in a series circuit (see Appendix 1). In the second 
place—and this is much more important in the wireless 
field-—there exist several kinds of gas-filled tubes, e.g. an 
ordinary neon lamp, whose characteristics at first sight, 
differ from (9), but can be made to serve the same pur¬ 
pose. Such a characteristic will have, let us say, the 
shape of curve N in Fig. 4. Let us then pass a constant 
current Iq through the two branches N and L, B, (7, 
in parallel (Fig. 5). This, constant current Iq will flow?' 

* See Reference (17). 
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through the dipole IST only, and a constant potential 
difference Fq will appear at the terminals of N and of G. 
Let us suppose that Jq has been so chosen that the 
poiiit (Iq, Fo) lies on the falling part of characteristic (N). 
It is possible for an alternating current i to flow in the 
sefies circuit without the continuous regime in 



Fig. 3 


the external circuit being changed by it. Calling v the 
alternating p.d. between the terminals of N, which 
corresponds to i, we shall have, since the p.d. across the 
closed circuit should be nil, 


1 

X——|- -J— 

dt ^ G] 


idt -f- -y = 0 


A neon-lamp characteristic, after we have thus trans¬ 
ferred the origin to a point on its falling branch, is shaped 
somewhat like that of' a series dynamo, only it is not 
symmetrical. But it can be shown'^ that such dis¬ 
symmetries in the characteristic only give rise to dis¬ 
symmetries in the resulting oscillation, without playing 
a part in the maintenance process. We may therefore 



adopt (9) as describing sufficiently well the relation 
between v and i, and we get 


di _ 1 

E -}- Ri 4- - 

dt ' ^G 


.3 


idt — pi -j- = 0 , (10a) 

o 


which is the same as equation (10). 

We see, then, that if the load is big, i.e. E>p, the 
continuoxis regime will be stable and the whole of the 
current will flow through N, no current at all flowing 
through L, R,G)m other words, the generator will refuse 

* See Reference (11). 


to oscillate. But, if the load R is sufficiently light, 
that is, i?<p, the continuous regime will be unstable 
within the system N, L, R, C; an alternating current i 
will flow through X, R, G, and a pulsating current 
{-^0 “ ^*) through N. In this case we shall indeed have 
obtained a frequency transformer. 

We can easily get a physical view of what happens in 
the oscillatory regime. The resistance terms, —Kq -f- 

can be written —^ — i^i. We see, then, that they 

are equivalent to a negative resistance whenever the 
current intensity q = i is small, and to a positive one 
when it is big, irrespective of the direction of flow. 
The movement will then build up from the unstable 
state of rest, to be braked when the current becomes 
large enough; it will then die down, to be revived when 
the current has become sufficiently small, and so forth. 
The next task is evidently to make precise this vague, 
but essentially correct, view of things, and this is what 
we shall now proceed to do. 


L R C 



GRAPHICAL STUDY OF SUSTAINED 
OSCILLATIONS 

A simple mathematical statement, due to A. Lienard,* 
will enable us to study graphically the behaviour of the 
charge in a series system, and almost to see its oscilla¬ 
tions build up before our eyes. 

To begin with, let us change from our physical variables 
to non-dimensional ones, which will suit the analyst 
better. We may take ^/{LG) as unit of time, putting 
t~ '\/[LC)x. Next we may take a certain charge 
as a unit, putting q = qQ^; then by a suitable choice of 
qQ (see Appendix 3) equation (10) will be brought to the 
form 

y - e(y + y =- 0 . . . (11) 

e is here a non-dimensional quantity, given by 

e = {p~R)J^ , . . . ( 12 ) 

This parameter, then, is essentially positive for 
sustained oscillations. 

* See Reference (13). 
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Let us call z the derivative y oty with respect to time. 
Then equation (10) can be written 

that is, we now have a non-linear differential equation 
of the first order. 

Let us plot y and its derivative, or speed, z, along two 
axes (Fig. 6), and construct the curve P represented by 
the equation 

y = r{z) = - !•) • • ■ (1^) 

Let MN be the normal to the curve (C) satisfying 
equation (13) and passing through any point M in the 
plane. The projection Nm of NM on Oy is 

dz 

him = — z —' 
dy 

equation (13) can therefore be written as 

Nm ^ ^ 

which means that, given any point M in the plane, all 
we have to do to obtain the tangent to curve (C) passing 



through it is to draw MPQ horizontal, PN vertical, and 
join NM: the required tangent is perpendicular to NM. 

Now if we regard equation (11) as representing the 
movement of point m on the straight line Oy, we see 
that the movement is determined as soon as we give 
ourselves its “ initial conditions,” the values of y and 
of y (or z) at time t = 0, or, what is the same thiug, 
the position of some point in the Oyz plane. We can 
then draw the tangent to the trajectory ” of M accord¬ 
ing to the above construction, repeat it for a neighbouring 
point, and obtain eventually the whole trajectory of M 
as a succession of small segments. 

In this way we obtain a family of curves, only one of 
which goes through any point of the plane. The origin 
is an exception; all curves start from the origin (which 
is, as we have seen, a position of unstable equilibrium) 
and describe around it, in a clockwise direction, in¬ 
creasing spirals. 

But a very remarkable fact is that as any one of these 
spirals grows, its successive volutes get nearer and 
nearer to one another, so that eventually all the spirals 
curl asymptotically inside and against a certain closed 


curve (Fig. 7)—a particular result of a general theory 
due to H. Poincare (see Appendix 2). 

This has important consequences. First, since the 
coordinates of a point on one of the spirals are y and y, 
both functions of time, a point M describing a closed 
curve in the plane corresponds to a point m having 
a periodic movement on the straight line Oy; the period 
of the movement on Oy being equal to the duration of 
one revolution of M on the closed curve. But y is only 
another name for the electric charge q, therefore the 
closed curve represents a periodic, sustained oscillation of 
our series electrical system. 

Secondly, a purely sinusoidal oscillation would be 
represented in the plane by a perfect circle; our closed 
curve is not a circle, therefore we have discovered a 
periodic oscillation which is not sinusoidal, something that 
no linear theory could ever provide for us. 

Thirdly, there is only one such closed curve, no matter 
from what initial conditions we may have started, for all 
the spirals which run away from the origin are asymp¬ 



totic to this one curve, and if we start from any point 
sufficiently far away we describe a spiral (also clockwise) 
which diminishes and curls asymptotically outside and 
against this same closed curve (Fig. 7), This entirely 
answers all our objections to the linear theory; there is 
indeed, as we see, only one periodic regime for a given 
oscillator working into a given load (its amplitude ,” or 
rather maximum elongation, has not much meaning 
now), no matter how the oscillator was started; therefore 
the power, efficiency, etc., of the oscillator are unique. 
This, you will notice, is fully in accord with engineering 
common-sense, but its mathematical counterpart is 
much deeper in theory and much more delicate in its 
working than could have been predicted. 

One more point. Our graphical construction is based 
upon a symmetrical curve given by an algebraic equation 
of the thhd degree, a cubic. But the reasoning by 
which we justified this construction presupposes nothing 
so specific. The same graphical method would apply to 
a curve of more or less the same shape, derived from 
the characteristic of the neon lamp, that is, obtained 
experimentally, and we need not worry at all whether 
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this experimental curve is more or less precisely repre¬ 
sented by an algebraic equation y = F[z) of this or that 
degree. This is a very welcome generalization from an 
engineering point of view. I would invite you to try it 
out yourselves, drawing a T curve quite freely, and you 
will be interested to see with what relatively great 
accuracy the asymptotic closed curve is obtained. This, 



„ oxiiusum a gooa aeai out cf shape, a cur- 
w ich, I repeat, we could never have 
Imear theory. ' 




AND RELAXATION OSCILLATIONS 
We shall become much more familiar with Hus aew 
curve if we succeed in fitting it into a continuous family, 
evolvmg from a first antecedent towards a last conse- 
^ent, the shape^ of both being simple and accuratslv 

own. This is indeed, as I see it, a central poini i:i 

our subject. 

Let us go back to equation (11), 


y - ^{y - jj y = 0 , . . (ii) 

and let us suppose, to begin with, that € is very small; 
that is, € « 1. The P curve will then lie very flat 
against the Oz axis; the corresponding closed curve will 
be very nearly a circle (Fig. 8), and the correspoiidiii.g 
oscillation very nearly a sinusoid. 

The, idea suggests itself of developing this unknown 
oscillation in a Fourier series, the successive coefficients 
of which are likely to decrease rapidly. This is what 
Lord Rayleigh has very naturally done. His result, 
given by equations (7) and (8), reads in our present 
notation 


Fig. 8, € =0* 1. 

by the way, raises the question whether the F curve 
could be drawn entirely at random and still give rise to 
one or more asymptotic closed curves; this is a difficult 
mathematical question, to which a partial answer has 
been given by Li^nard.* 

Having obtained a closed curve which corresponds to 
a periodic regime of a series electrical network, we can 
deduce from it the shape of the oscillation of the electric 
charge. Because, since we know the value of the time 
derivative q which corresponds to an}’’ value of g, we 


2 / = 2 sin a; + — cos Sa; -f.(15) 

1m 

(the following terms would contain the successive powers 
of €). This gives a sinusoid distorted in the direction 
which we have already found. One correction term, 
we notice, is quite sufficient for small values of c, since 
even for e = 1 it reaches only 4 per cent of the funda¬ 
mental. 

It is remarkable that this method gives a definite 
amplitude, i.e. 2, for the fundamental, whereas the 
amplitude of the solution of the linear equation (2) 



can, again build up graphically the curve q{t) as a suc¬ 
cession of small segments. 

If we do this for the closed curve represented in Fig. 7, 
we obtain the oscillation represented by A' in Fig. 12, 

* See Reference (12). 


could take any value; but then this is only a particular 

case of the uniqueness of an integral closed curve, which 
general fact we have already noticed. 

We can say, therefore, that we know verj- well the 
curves at one end of the chain, i.e. when s is small. 
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Let us now see wliat happens when € is very large 
(e !)• 

In this case the F curve presents a very ample zig-zag, 
in the general direction of the Oy axis (Fig. 9). If, in 
order to get a clearer picture, we put 


Xi 





the relation between 


y and z becomes 




and therefore we can neglect the last term, provided 
dz-Jdy^ is not very big. We have then 






This gives us two arcs of our wanted closed curve, 
that is, arcs and B^D of the Ti curve (Fig. 10), but 



4 


Fig. 10 


curve C is the circle y^ = 4, the corresponding 
oscillation is the sinusoid, y = 2 sin a?. If € = oo, we 
cannot give an equation for the whole of the (C) curve, 
but, if we know the equation of the F curve, we can 
give the equation of any of the four parts, D^B, BBj^, 
BjD, DD^. We can, therefore, obtain rigorously the 
equation, not of the whole of the corresponding oscilla¬ 
tion, but of its constituent parts. This derivation is 
given in Appendix 3 and the shape of the oscillations is 

then as shown in A (Fig. 11). 

We obtain, then, as a limiting case of our periodic 
oscillations, not a periodic oscillation but a regular 
succession of non-periodic phenomena, represented by 




leaves us completely in the dark at points B and D. 
However, our knowledge of the closed curve for, say, 
€ == 10, obtained graphically, leaves no doubt as to what 
happens in the limiting case of e infinite: we should 
follow arcs D^B and B^D right to their ends, and then 
draw a vertical line connecting the two, BB;^ or 
The derivative being infinite on these segments, 

it is quite natural that approximation (17) should 
fail there. 

Now let us take the general case. If € is neither 
zero nor infinite, we have found our closed curve by 
graphical approximation, and not because we have 
arbitrarily chosen to do so. Not only is the analyst 
unable to give us an equation for that curve (even in the 
case, where F is simply a cubic), but he is even unable 
to suggest any process of approximation the results of 
which would converge towards the wanted curve (see 
Appendix 2). You see, then, how very great the 
mathematical difficulties of our subject must be. But, 
if € is zero or infinite, that is, at both ends of the chain, 
the situation is quite different. If 6 = 0, the closed 


such arcs as ab or be, which in virtue of the mechanism 
of the system succeed each other in alternate sequence. 
Following van der Pol,* we shall call such oscillations 
relcixdtion oscillutiofis. We see, then, that when the 
parameter 6 varies continuously from zero to infinity, the 
corresponding periodic oscillations vary continuously 
from the sinusoidal tyrpe to the relaxation t 5 ^e. 

This beautiful and simple result, obtained by van der 
Pol in 1926 (on oscillations of the B family, which we 
shall consider shortly) thus throws light upon a con¬ 
siderable and, as we shall see, fundamental domain of 
the theory of sustained oscillations. Oscillations of the 
relaxation type had been met with earlier by various 
physicists, and, to quote an early instance. Prof. Righi 
had in 1902 given a thorough study of the oscillations of 
a neon lamp.f But it was van der Pol who, on the 
one hand, made the first study of the oscillations in the 
general case (that is, for any e) and showed that the 
sinusoidal and relaxation oscillations were their two 
extreme limiting cases; and, on the other hand, drew 

♦ See Reference (10). t (5), 
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attention to the frequent appearance of relaxation 
oscillations in a number of fields of natural science. 

A very important property of the two limiting cases 
of oscillation, the demonstration of which is given in 
Appendix 3, is as follows:"^ 

Given an electric oscillator of the series type, its period 
in the sinusoidal regime is 27 T'\/[LC), while in the relaxation 
regime it is l*60(p — i^). 

We should note here that both sinusoidal and relaxa¬ 
tion oscillations are limiting cases of the periodic 
oscillations represented by equation (10), which are 
never met in practice. Physically, an inductance L 
cannot become infinite, and, on the other hand, some 
residual L will always be present in an electrical circuit 
(as well as some mass in a mechanical system) and 
therefore we shall never be able to obtain € — 0 or 
€ = GO. Mathematically, putting e = 0 in equation (10) 
gives y 2 / — 0, an equation which, we have seen, 
cannot represent a sustained oscillation; e = 00 leads 
to two distinct differential equations of the first order, 
neither of which admits of a periodic solution. When¬ 
ever e is small or large (the critical value is actually, 
as with damped oscillations, e — 2) one will usually 
replace the actual sustained oscillations by sinusoidal 
or relaxation oscillations, the corresponding theories 
being so much simpler and leading to numerical com¬ 
putations; but it is well to be aware that this is in every 
case a physical approximation. 

I shall not dwell any longer upon the opposite proper¬ 
ties of relaxation and sinusoidal oscillations, as my 
subject to-day is specifically the generation of oscilla¬ 
tions ; I shall rather refer you to the list of papers at the 
end of the lecture for more detailed information. 

THREE FAMILIES OF SUSTAINED OSCILLATIONS 

The series oscillator which we have been considering 
offers us three distinct, if intimately connected, families 
of sustained oscillations. 



Fig. 12 


We have called i the alternating current in the series 
circuit N, X, R, G. Let us call vc, the potential 

difierences across C, R, and L respectively. We then 
have 

= Ri = Ri. VL = = Lq . (18) 


We have seen that q[t), by a proper choice of units, 
corresponds to the non-dimensional function y[x). Let 


us put 






Fig. 13 


Then we see that vq, vj^ or i, and vi, by a proper 
choice of units, correspond respectively to the three 
functions y, z, and u, of the non-dimensional variable x. 

When € is zero, since y{x) is a sinusoid, z{x) and u{x) 
are also sinusoids. 

When € is infinite, y has the shape given in A (Fig. 11). 
Therefore, 2 : and u have shapes B and C of the same 
figure, which can be accurately calculated. 

When e varies from zero to infinity, we obtain three 





Fig. 14 


families of periodic curves, A, B, and C, which vary 
continuously from the sinusoidal type to the relaxation 
type. For a given e, z[x) differs more from a sinsuoid 
than y{x), and u[x) more than z{x). It is easy to observe 
the evolution of any one family on a cathode-ray oscillo¬ 
graph* (Figs. 12, 13, and 14). 

* This was shown during the lecture on a 12-inch cathode-ray tube. 


* See Reference (10), 
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By differentiating equation (11) with respect to ic, 
we obtain the differential equation satisfied by z[x), 

z — e(i — z^)z + 2 : = 0 . . . . (20) 

It is on this equation that van der Fobs work is based. 
By dMerentiating once again we obtain the non-linear 
equation, satisfied by u{x). It is complicated and need 
not be repeated here. 

I should like to draw your attention to the curves in 
Fig. 11, which will soon become familiar to all of us, 
by reason of the increasing number of cases in which 
relaxation oscillations (i.e. sustained oscillations with 
great e) are of practical use; for example, scanning in 
television. The older point of view was that the 
sinusoidal oscillation, being alone desired, was the only 
good one; any kind of distortion from it was bad, and 
its form did not much matter, since it had to be smoothed 
out anyway. The new point of view is that for certain 
applications a sinusoidal oscillation is definitely bad; 
on the contrary, the bigger e one can get, the better, 
and therefore the oscillation shapes in Fig. 11 are, in 
these cases, welcome. 


will hold in the three other cases which you will readily 
imagine. 

This principle, as you see, applies to linear systems, 
but it is easy to generalize it to apply to our particular 
non-linear problem. The non-linear dipole, which we 
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Fig. 16 


found was the essential part of a series oscillator, main¬ 
tained, between the alternating v and i at its terminals, 
a relation of the type 


V = 


pi + 



Obviously, then, a non-linear dipole 


corresponding 


A CORRESPONDENCE PRINCIPLE 
All that we have already found on the subject of the 
series oscillator can be very easily translated into similar 
properties of another type of oscillator, the parallel 
oscillator, by means of a correspondence principle which 
we shall now present. 


L /? C 

<j>— vvwv^ — qfuip--.— II .-- 0 


r 




Fig. 15 



Let us consider a simple network consisting of an 
inductance L, a resistance B, and a capacitance C in 
series (Fig. 15), and apply a sinusoidal e.m.f. v at its 
terminals. Then the current i passing through it is 
given by 


di . 1 


idt 


V 



to this one in the sense of the correspondence principle 
should maintain between its i and v the relation 

^3 

^ - (jt? -f 8- . . . . (23) 

Now we have seen that instead of a dipole having 
a characteristic such as (9) (series dynamo, Fig. 3), to 


On the other hand* let us consider a network con¬ 
sisting of a capacitance (7, a conductance G and an 
inductance L in parallel (Fig. 16) and pass a sinusoidal 
current i through it. Then the potential difference v 
at its terminals is given by 


dv 1 

(7— 4- (Tt; 4 . - 
dt^ ^ Lj 


vdt 


. . . ( 22 ) 


This procedure can be easily generalized, in this way: 
a network (A) being given, let us replace all the L, B, C's 
by C, G, L’s of the same numerical value in a given 
system of units, putting in parallel any two elements 
which were in series in (A) and vice versa; we thus 
obtain a second network (A'). Then the current through 
any series combination in (A) will be numerically equal 
to the potential difference across the corresponding 
parallel combination in (A'), and a similar equality 

* See Reference (15). 



generate oscillations we may use a dipole having a 
characteristic such as N (Fig. 17), provided we add a 
constant-current generator working on a point of the 
falling branch of the characteristic. Correlatively, then, 
to generate oscillations we may also use a dipole having 
a characteristic such as S (Fig. 18), adding a constant- 
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voltage generator so that it should work on a point of 
the falling bianch of the characteristic. Circuits of 
that type actually exist j for instance a dynatron, that is 
a three-electrode valve with highly positive grid! 


of such generators will correspond to differential 
equations of the type 

y=fiy^y) .(26) 


THE PARALLEL OSCILLATOR 

A generator of oscillations, using a dipole with a 
chai actcristic such as S, will then be arranged as in 
lig. 19. It will be possible to have an alternating 
potential difference v at the terminals of the parallel 
system O, G, L, and a pulsating potential difference 
{F <3 — v) at the terminals of S. Let us call 4 , 
the currents passing through L, G, and C, respectively. 
We have then 




iQ=Qv; iQ = C 


dv 

dt 



Since, in this case, the currents through S and through 
the parallel system L, G, C, are the same, the equation 
for the alternating regime in the (fictitious) parallel 
circuit C, G, L, S will be 


1 

-{- Gv -f- — 
dt ^ ^ L 


vdt 


(yv ■*[— —= 0 




corresixniding, term for term, to equation ( 10 a). This 
regime, liowever, will only take place when cr is greater 
than Q; in other w''ords, when the continuous regime 
(./o» lo) is unstable. 

Now it is clear from the correspondence principle 
that, as functions of time, ij,, ig (or v), and ig will have 
the saxne values as vq, vji (or i), and vi, in a series oscil¬ 
lator. lluaxifore, by a proper choice of units, in the 
periodic r(\gime they will oscillate like the functions 
y, z, and zi, (jf a;, respectively. 

The period of a parallel oscillation can be derived at 
once from the period of a series oscillator, again by 
application of the correspondence principle. It is given, 
in the sinusoidal case, by 27 T^/{LC), and in the relaxation 
rtigiine 1 >y 1 • (iL{(i -- G). Exactly as in a series generator, 
the oscillations being sustained cannot be rigorously 
sinusoidal, and as there is always some capacitance 
present (or some stiffness in a mechanical system) they 
cannot be of the limiting relaxation type either. 

The comparison between equations ( 11 ) and ( 20 ) for 
y and z leads to a more general conception of an oscilla¬ 
tion generator of the second order.* One class, at least, 

See Reference (22). 

VoL. 79'. 


Mechanically, this represents the rectilinear motion 
of a small body of mass 1 , on which a force is acting 
which is any function of its position and velocity. This 
force will sometimes add to the energy of the body, 
and sometimes subtract from it; in electrical terms, the 
resistance will be negative or positive. If we put, as 
above, z~y, equation (26) becomes of the first order 
only and can be written 

dy dz 

2 /(«/.«) • • • • ( 2 /) 

This equation represents a family of curves in the 
(i/, z) plane. If it happens that these curves are asymp¬ 
totic to one or more closed curves (and this question can 
be answered in a general way—see Appendix 2 ), then to 
each closed curve will correspond a sustained periodic 
movement of the small body. In spite of positive 
resistances being present, the oscillations of the body 
will not die out, because of the presence of negative 
resistances which are at times greater than the former, 
and this is what is meant physically by saying that the 
periodic movement is sustained. 

In such a periodic movement the input of energy 
exactly balances the output at the end of one period, 
but it would be wrong to conclude from this that no 
source of energy is needed: nature does not know the 
credit system, and therefore, outside of the network 
represented by equation (26), there must exist a source 
of energy. The question at once arises as to how well 
this source of energy is utilized, an interesting point to 
which we shall return later. 

Coming back to our two oscillators, series and parallel, 
they are, it seems, the simplest examples of the general 
type (26). Given the dissipative network L, R, C, or 
C, G, L, to be maintained in oscillation, we need a source 
of energy {1^ or and a non-linear, dissipative dipole 
N or S. The characteristic of this dipole must have a 
falling branch, so that the continuous regime should be 
unstable. The simpler characteristics will show one 
falling branch only; and since the characteristic must 
run entirely in the positive angle Oyz (the dipole con¬ 
taining no source of energy) this falling branch will lie 
between two ascending ones. This can be obtained in 
two ways, and two only, which are precisely the N and 
S characteristics of Figs. 17 and 18. (The distinction 
between these two types was pointed put by Rukop;* 
an interesting paper on the subject is that by G. Crisson.f) 
One of them has more or less the shape of a capital N, 
the other of a capital S, and I have found it convenient 
to name them accordingly. 

The important point is that they are not equivalent. 
According to the linear theory, it is necessary, in order 
to sustain oscillations in a dissipative resonant circuit,, 
to have at one’s disposal a negative resistance. We see, 
furthermore, that a negative resistance of the N type 
is unfit to sustain oscillations in a parallel system [G, G,L)y 
and one of the S type in a series system (L, R, G). This 

* See Reference (12). f Ibid., (18). 
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result is again to be credited to non-linear theory; linear 
theory, by its very nature, is unable to take into account 
in which direction a falling characteristic may turn. 

RETROACTION OSCILLATORS 
We may feel that we understand fairly well the 
working of the two oscillators which we have hitherto 
considered, but the objection could be raised that they 
are rather unusual types. Does the theory which we 
have worked out apply to the more usual oscillators? 
We shall see that it does go still one step further, and 
quite an important one. 

Let us consider a triode, comprising in its plate circuit 
a parallel resonant system (7, G, L, and let the plate and 
grid circuits be coupled by a mutual inductance M 
(Fig. 20). The classical theory takes for the charac¬ 
teristic surface of the triode a plane 

pj = .(2) 

and gives for the differential equation satisfied by the 
alternating potential diJfference across G, G, L, 



Fig. 20 


dynatron is as follows: in the dyiiatron the grid tension 
was fixed, and the (4, ^a) characteristic of the tube had 
a falling branch. In the present case the triode has 
a whole family of static characteristics, one for each 
value of eg. When the triode is oscillating the repre¬ 
sentative point (4, q;, &a) describes a line on the chara- 
teristic surface; this line, projected on the (4, '%) plane, 
also has a falling branch, the slope of which is the 
negative resistance we need. It is not always possible 
to introduce such a “ dynamic characteristic for a 
given oscillator (because the representative point will 
in general describe a closed curve); that we can do so 
here simplifies the result to a great extent. Moreover, 
the dynamic characteristic of the triode is of tlie S type, 
as we see from the curve of Fig. 21 expcriinentally 
obtained by E. V. Appleton and B. van der Poi;-" so that 
with a coupled triode we can sustain oscillations in a 
parallel circuit but not in a series one. 

The electrostatic action of the grid of a triode cor¬ 
responds to the electromagnetic action of an exterior 



Fig. 21 


which corresponds to equation (3) and is subject to the 
objections which were presented at the beginning. 

According to equation (2), the plate current of the 
triode depends upon the lumped voltage v ~ Keg, 
and it depends upon it linearly. Now the first assump¬ 
tion holds true over a wdder field than the second, so 
that a large part of the characteristic surface of the triode 
can be assimilated to the cylinder 

j = + Keg) - 8 ^ - " _ ( 23 ) 

If we use this equation instead of (2), we obtain instead 
of (28) the following equation:— 

dv If /KM \ /V 

+ = 0 (30) 

This is of exactly the same form as equation (25), and 
therefore, by one differentiation and proper choice of 
units of time and voltage, reduces to equation (20). 
(This calculation was made by van der Pol in 1920,* 
taking also into account a dissymetry in the lumped 
characteristic of the triode.) 

The reason why we find the same equation as for a 

* See Reference (8). 


winding, so that to an ordinary triode corresponds a tube 
of the magnetron type; and a ma.gnetron, in fact, 
sustains oscillations in a series L, R, G, circuit. The 
development is interesting but presents some difficulties, 
and we shall not dwell upon it here. 


OSCILLATORS OF HIGHER ORDER 

We see, then, that the reduced equations (11) and (20) 
hold not only for oscillators using a dipole with falling 
characteristic, but also for certain circuits using a l)ack- 
coupled triode. Unfortunately, they do not liold for ail 
triode generators. 

The reason for this is quite simple. Let us take a 
triode oscillator, with a resonant circuit in the grid, 
coupled to the plate circuit. Using the utmost sim¬ 
plifications, that is, neglecting the resistance of the 
resonant circuit and the grid current, and assuming 
linear characteristics, we still find a linear differential 
equation of the tliird order. 


Linear theory, in this case, considers the algebraic 
equation, obtained by replacing djdt by p; this equation, 
of the third degree, is found to have one leal negative 
root and two conjugate complex ones; if we write that 
the two complex ones are pure imaginaries, ± 1)> 


t See Reference (9). 




the maintenance of oscillations 


we find two relations, which correspond to the relations 


li = p and LCcxr^ — 1 


which linear theory gave us as conditions for sustained 
oscillations in the case of equation (3). (For this calcula- 

see Appendix 4.) 


rhe same objections as in the case of the second order 
to this theory; only, in this case, we are unable to 


offer a non-linear solution. It is true that, just as 
equation (11) could be reduced to the first order (equa¬ 
tion 13), the present third-order equation could be 
reduced to tlie second order; but we cannot go any 
further, and, wliile tlie behaviour of the integral curves 
of equation (13) is known qualitatively, from the work 
of H. Poincare, we have no such Icnowledge of non-linear 
equations of the second order. 


Our previous non-linear work will, however, help us 
quite a little in the present, more difficult, case. We 
know from experiment that, just as in the case of the 
second order, a third-order oscillator will go on oscillating 
quietly, after we have passed the critical condition 
given by linear theory. This, surely, must also happen 
here on account of the curvature of the triode charac¬ 
teristics. We can then improve the linear theory quite 
materially by saying that the condition for sustained 
oscillations is that the conjugate roots of the .algebraic 
equation should have a positive real part (instead of no 
real part). This will give us an inequality instead of an 
equality (just as formerly we wrote R < p instead of 
R = p). (See Appendix 4.) 

Again, if this real part is very small, we may apply 
Lord Rayieigii's method and develop a quasi-sinusoidal 
solution in a Fourier series. This was done by A. Bloiidel 
in 1919"^ for a specific equation of the third order. The 
method is obviously general, and will give us the quasi- 
sinusoidal solution of an equation of any order, provided 
such a solution actually exists. 

The inadequacy of our mathematical knowledge is all 
tlie more regrettable, in that equations of the third 
order present themselves quite frequently. Not only is 
it quite usual to pia,ce the resonant circuit of a triode 
oscillator in the grid; but it has been shown, both by 
R. C. Wegelf and by myself,:!: that a reed instrument 
(such as tlie larynx) and a turbine with a Watt governor 
are mechanical systems belonging to this same type, 
while I could not give you an instance of a mechanical 


oscillator of the second order. 


Furthermore, triode oscillators of the fourth or even 
higher order are actually quite common, since the order 
grows very rapidly when one takes the complexity of 
acturd, ludavorks into account. Whatever the order of 
the oscillatiir, we may assume that the necessary and 
sufficient condition for oscillation is that there should 
be at least one pair of conjugate roots of the charac¬ 
teristic equation on the right side of the imaginary axis. 
The physical variables would then grow indefinitely 
with time according to the linear equations, but^ the 
curvature of the characteristics would have a limiting 
effect on their amplitudes, as Blond el also stated in 1919. 
Two general criteria expressing the above condition 
have been found, one by A. Hurwitz§ and another more 


See Referen.ce (6). 
$ IbkLi .{ 16 ). 


t IbU., (14). 
§ md., ( 1 ). 


recently by H. Nyquist,^ They are both interesting, 
having different fields of application. 

It is a remarkable fact that any oscillator used in 
practice must of necessity present asymptotic periodic 
regimes, independent of initial conditions within finite 
limits, whereas asymptotic periodic solutions are less and 
less likely for a differential equation as its order grows. 
This must then be a special property of the equations 
which correspond to physical oscillators,! a typical 
instance in which physical intuition is far ahead of 
mathematical knowledge. 

POWER EXCHANGES IN “ N ” AND “ S 

OSCILLATORS 

Up to now we have studied the variations of various 
voltages and currents, in an N or S oscillator, as functions 
of time. Let us now turn our attention to the exchanges 
of power which take place in these oscillators.! 

We may reason on the N oscillator of the simplest 



type (Fig. 5). It consists of a source of power (the 
constant-current generator), the non-linear resistance N, 
the pure reactances L and (7, and the load B. 

Going back to our previous analysis, we see that the 
non-dimensional quantities which we called y and z are 
proportional to ql^/C and ^/L[i) respectively, so that, 
if M is any point in the plane (Fig. 6), OM^ is propor¬ 
tional to 

+ 1^2 = D- + T 

c 

the sum of the energies stored in the condenser and in 
the coil. 

Now it is well known that in the course of a, sinusoidal 
movement, such as that of a resistanceless pendulum, 
a definite quantity of energy goes back and forth 
indefinitely between the kinetic and the potential t 3 q>e. 
This corresponds to the fact that in the sinusoidal case 
the closed integral curve is a circle, U -{- T = constant. 

The circumstances are essentially different in a 
sustained oscillation, where energy is continually dissi¬ 
pated in the load. This energy comes, of course, from 
the source. We have seen that an essential element 
in the transfer was the dipole N, and this element also 
continually dissipates energy. As to L and G, they 

♦ See Reference (20). t (21). t dbid., (22). 
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never dissipate energy but at certain times they receive 
energy from the source and at other times give it out to 
the dissipative components N and R, according to 
whether the radius vector OM increases or decreases. 

If we mark on the closed curve in Fig. 22 points 4 and 
I on the horizontal of a, and points 2 and 3 on the hori¬ 
zontal of a\ we can prove that OM increases from 1 to 2 
(or 3 to 4) and decreases from 2 to 3 (or 4 to 1). 

Each half-period of a complete oscillation is therefore 
divided into two parts. During the first part (1-2 or 
3-4), the source feeds energy into all the other com¬ 
ponents, L, 0, N, and the load R. During the second 
part (2-3, or 4-1), the source and L and C feed 
energy into N and the load R, 

The coil and the condenser together act then as a 
generalized flywheel, which at times stores up energy 
coming from the source and at other times delivers it 
into the load. 

EFFICIENCY OF “N” AND “S” OSCILLATORS 

We are now ready to take up the question of the 
efficiency of an oscillator,* which we had postponed. 
We shall assume that the purpose of the oscillator is to 
furnish alternating power to the load, and therefore call 
useful the energy Wji spent in the load R during one 
period, and lost the energy furnished to the dipole N. 
As to L and O, they give out during one period just as 
much energy as they have received, so that we can ignore 
them in reckoning the efficiency of the system. This 
efficiency is then 

“ Wr + Ws . ■ • • • 

Now, thanks to the preceding non-linear theory, we 
know (from a graphical diagram) the value attained at 
any time by any of the variables in the system, and 
therefore we are able to calculate rj. This calculation 
is not difficult (see Appendix 5) and gives 

^§■2 A 

V I V ' 'r ' * * ‘ 

■^ 0^0 ^ 

where R is the load, and Jq, Fq, suitably defined 
currents and voltage, A the area of the closed {y, z) 
curve, and r the reduced period. These two last quan¬ 
tities can be obtained by mechanical integration, the 
closed curve being graphically known. We can there¬ 
fore obtain the efficiency of the oscillator, for any given 
e, to a certain degree of approximation. 

But we can go further, and calculate the value of rj 
exactly, in the two limiting cases of the sinusoidal and 
relaxation oscillations. Indeed, as we have seen, we 
know in these two cases the exact equations defining 
the behaviour of the system. We find, moreover, that 
the efficiency thus calculated is a maximum when certain 
relations between the constants of the oscillator are 
satisfied. These maxima are:— 

For sinusoidal oscillations rj = 0 - 375 
For relaxation oscillations rj — 0*525 

For a parallel oscillator the efficiency would obviously 
be the same as for the series oscillator of the same e. 

* See Reference (23). 


This result in itself is not very important, as the 
oscillators belong to two seldom used types and the 
symmetrical cubic characteristics only qualitatively 
imitate the actual ones. But a generalization will now 
be attempted and may be found of interest. 


REMARKS ON THE EFFICIENCY OF 
PRIME MOVERS 

Let us observe that a tool of any kind, to be of use, 
must be given a circular or an alternating movement; 
in other words a periodic movement, which will almost 
always be of constant frequency /. A machine, on the 
other hand, is a system which transmits power from 
a source of energy to a tool, or generally into a load. 
We shall divide machines into two main classes: 

(A) Machines in which the input frequency and the 
output frequency are either the same, or are, by con¬ 
struction, in a simple and invariable ratio. Tliese 
machines are generalized transformers. 

(B) Machines in which the ratio of the input and output 
frequencies is continuously variable at will (within 
certain limits of course). These machines we shall 
call motors.^ 

There seem to be three types of transformer:— 

{a) Ordinary electrical transformers and their mechanical 
analogues. These are passive, synchronous systems, 
i.e. they contain no source of energy and the input and 
output frequencies are the same. 

(5) Synchronous transformers containing a polarization 
source, which in theory does no work. Examples of 
these are: a telephone receiver, an alternator, a syn¬ 
chronous motor, a microphone condenser. 

{c) Passive frequency-transformers such as a two-wheel 
gear, or an alternator and a synchronous motor mounted 
on the same shaft and having diffierent numbers of poles. 
If p and q are the number of teeth on the wheels, and 
2 p and 2q the number of poles, then the ratio of the 
input and output frequencies is p : g; it is a simple 
fraction and is invariable for a given machine. 

A machine of any of these types—a transformer—has 
an efficiency rj which is of course smaller than unity; 
but this efficiency can be brought, by putting enough 
care and money into the construction, as near unity as 
we like, at a given frequency. 

Motors are of two types, according to whether the 
input frequency is difierent from zero or not:— 

{a) Machtnes such as induction motors. In these 
machines the ratio co' : a> of the output to the input 
frequency is essentially variable. As we -know, the 

efficiency of the transformation of power within the 
rotor is 

co' 

V ~ ^ 9 • • • • (33) 


where g is the slip; that is, m and ce>' being given, the 
efficiency of the actual motor is smaller than rj, but can 
be brought as near rj as we like, in the same sense as 
above. We notice, then, that there is here a definite, 
unavoidable loss of power which appears in connection 
with the change of frequency. 


leaving aside systems of still another class, which do not trans- 
^ repeaters or relays. In these machines 

^-5 ^ frequency/, controls a source of energy placed, so to 
® system delivers a great amount of power at frequency /. 

These three-cornered systems must be studied separately. 



THE MAINTENANCE OF OSCILLATIONS 


373 


(b) Motors in which the input frequency is zero. This 
is an all-important class, for it appears as though all 
sources of energy were, in the last analysis, of zero 
frequency. Such is the power of solar heat, of coal and 
wood combustion, of the wind, of a river or a waterfall, 
of an explosive gas mixture, of steam, of the chemical 
reaction in a primary cell or battery, etc. We might 
say, then, that this is the class of prime movers. 

The problem is then to transform power of zero 
frequency into power of frequency /. A very general 
way of doing this (not the only one, but by far the most 
frequent at the present time) is to put something in the 
way of the continuous flow of energy issuing from the 
source so that this flow will become unstable, and hence 
pulsating. This can be done in two extreme and 
opposite ways: either very smoothly, as when reeds are 
swaying in a river, or electrons in a triode with very 
loose coupling; then the oscillations are sinusoidal; or 
very brusquely, as when the slide-valve of a double¬ 
action steam-engine reverses the flow of steam at the 
end of one stroke, or as in an Abraham—Bloch multi¬ 
vibrator; then we have relaxation oscillations. We have 
seen, moreovejr, that when the system satisfies equa¬ 
tions (11) or (20), the passage from one type to the 
other can be made continuous. (It looks as if this would 
also be true in the case of oscillators of higher order; 
but the theory fails us here, as has already been 


mentioned.) 

But the study of the movements of individual parts 
of a machine is the realm of kinematics. From a 
dynamical point of view we have to ask ourselves: 
What are the power relations in our machine ? The flow 
of energy, instead of being constant, has been made to 
pulsate; in connecting, therefore, the oscillating com¬ 
ponent to the load, we shall be able to make use of 
alternatmg power. Will a certain fraction of the energy 
pass by the oscillating component and be lost, or is 
there a possibility of transforming all of the continuous 
power into the alternating form? 

I cannot answer this question in a rigorous way, but 
I shall present two examples for your consideration. 

The first one is, of course, the series or parallel oscil¬ 
lator which we have been considering this evening. The 
qualitative answer is here obvious. It is the non-linear 
dipole, N or S, that makes the system pulsate; but as 
its (variable) resistance is always positive some con¬ 
tinuous power is of necessity lost in it. We have applied 
analysis to this problem, and have found the exact 
limits of the maximum efficiency obtainable—^from 
0*375 to 0*525, according to the value of c; quite low 
values, in fact. 

The second example is the steam engine. If is 
the absolute temperature of the steam in the boiler, 
that of the water in the condenser, then we know that 
the maximum efficiency would be obtamed if the cycle 
of the steam could be made reversible, in which case it 
would be 





(34) 


also, by the way, a small quantity. * 

Now I ask you to notice that this unavoidable loss 
of power, which baffled us in our student days, is linked 


with the fact that the steam describes a cycle, that is, 
that we have insisted upon changing from zero frequency, 
which was that of the power in the boiler, to the piston 
and flywheel frequency. You will find this remark, in 
a more or less equivalent form, in the better textbooks 
on thermod 3 mamics.**‘ 

If now we recall formula (33) for the efficiency of an 
induction motor, so strikingly similar to formula (34)— 
and then our results on N and S oscillators—^it appears 
very unlikely that such similar relations can hold for 
such different systems, without these relations being 
particular cases of some more general law. I should 
like very tentatively to suggest for such a law the 
following wording: 

If a machine transforms power from the frequency f^ 
to the frequency /g, and if this machine is such that the 
ratio /g : f-^ can be varied continuously^ then the efficiency 
of the transformation, for given values of fj^ and /g, is 
inferior to a fixed number smaller than unity, which can 
only reach unity when f^ and /g are equal. 

Of the many remarks which the subject would appear 
still to call for, I should like to mention at least one. 
One way of transforming power of zero frequency into 
power of frequency / is, as I have said, to render the 
continuous energy-flow unstable, hence pulsating. 
There are, however, other ways. For instance, the 
stator of a hydraulic turbine transforms a flow of water 
into a rotating vortex, and I am not certain that the 
maximum efficiency of this transformation might not 
be unity. Only, the rotor of the turbine behaves in 
this vortex just as the rotor of an induction motor 
behaves in the rotating field, so that in the end the 
example of the hydraulic turbine supports the suggested 
proposition. 

I shall now bring these considerations to an end. I 
shall be glad if I have succeeded in showing you, on this 
one problem of the generation of oscillations, what a vast 
and fascinating field is that of non-linear phenomena. 


CONCLUSION 

In conclusion I should like to express my thanks to 
the Engineer-in-Chief of the Post Office and to Messrs. 
A. C. Cossor, Ltd., for their kind assistance and co¬ 
operation in the demonstrations which were given during 
the lecture. 
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APPENDIX 1 

The Series Dynamo Oscillator 

In the days of d.c. power transmission it was found*^ 
that if a d.c. motor, with separate excitation, were fed 
by a series dynamo, the motor would reverse periodically, 
every few seconds or so. The explanation, given by 
van der Pol,t is that between the brushes of the 
dynamo, D (Fig. 23), we have an e.m.f. v depending 
upon the current i according to equation (8) or Fig. 3. 
In series with this e.m.f. are the impedance of the field 
coil, (i?Q, LJ}, and the impedance of the motor M, This 
last is (R, L) when the motor is at rest, but when M 
rotates it can be shown to contain a capacitance C, as 
follows. 

Let us call ^ the field of M, the number of induced 
conductors on the rotor, I the moment of inertia of the 
rotor, T the torque on the shaft. We have then the 
two electro-mechanical equations 

^i?o “b "^0^* ~ R + Z/~ — 

T = vm +1~ 

alt 

If the motor is non-loaded, which is the simplest case. 


J 


I 




we must put T — 0, and eliminating co the first equation 
becomes 


V 


(L + zjf + (R + 


idt 


^ We see then that we have in the series electrical 
circuit, in addition to the obvious Us and R*s, a 
capacitance ** G of electro-mechanical origin, equal to 

I/(vO)2. Since the p.d. v is connected with the current i 
by the relation 


V 


pi -b y- 


the current i satisfies the non-linear differential equation 


di 


(-^0 "b "b (Rq + R)'^* H~ 



which is equation (10) of the text. The capacitance O 
is very great, of the order of several tnillifarads for a 
small motor; the parameter 


^ = {p-Bo-R)J~ 

is usually greater than 1, so that reversals are definitely 
"jerky"; and the period is of the order of 1 sec. By 
* See Reference (2). * Tbid.. (IIL 
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varying the field and the resistances one can change the 
character of the oscillation (its €),its amplitude, and its 
period. (This experiment was shown during the lecture.) 


APPENDIX 2 

Abstract of H. Poincare’s and A. Lienard’s Work 

TL Poincare* has investigated the behaviour, in the 
whole of the (y, z) plane, of the curves (C) which satisfy 
at every point the differential equation of the first order 

dydz 

~ Q{y, • • • • 


where P and Q are both polynomials in y and z. 
tion (13) in the text, being 


dy dz 



Equa- 



obvionsly belongs to type (35). 

Through any point (^/q, Zq) of the plane passes one C 
curve and one only, except for the finite number of 



Fi^. 24 


exceptional points where P = Q = 0. In our problem 
the origin is the only exceptional point. Two cases 
should be distinguished (Fig. 24). If € > 2, an infinite 
number of curves start from the origin, all of them 
having the same tangent; if € < 2, an infinite number of 
curves have O for an asymptotic point. If, as above. 


X 


is taken as the time, then all curves are 
j z 

described in the clockwise direction as time increases. 
(The distinction between the cases of € > 2 and c < 2 
is only the usual one between aperiodic and oscillating 
damping, except that in this case time starts from — oo 

instead of tending towards -j- co.) ^ _ 

In the general case it is not difficult to recogn^e t e 
behaviour of the C curves in the immediate neig ^ our 
hood of the several exceptional points. Pomcare then 
has shown that a C curve leaving an exceptional pomt 
either goes to another or curls asymptotically around a 
certain closed curve C (which he calls cycU hmtte) 
Such a € curve is of necessity an mtegral curve of 
equation (13), a C curve. There maybe several of them, 

Poincare has given a process by which it is possible to 
ascertain for any given equation (35) the 
these closed curves, and even to know, so to spea , 

’ ■ * See Reference (3). 


S iO 

“ where they are ”; that is, the process leaves us finally 
with a number of oval rings of finite width, and knowing 
that one C curve, and one only, runs between the inner 
and outer boundaries of any one ring. But nothing 
more has since been found on the subject. This will 
account for the curious fact that although we can draw 
C curves with tolerable graphical accuracy, we cannot 
give even the roughest analytical approximation of the 
corresponding oscillations (unless e is small). 

As it happens, equation (13) falls into one of the 
exceptional cases which Poincare did not treat explicitly. 
Lienard filled the gap as follows:—* 

Lienard considers a (P) curve of the shape of a cubic, 
but he does not suppose that it admits of any algebraic 
or analytical equation; therefore his reasoning applies 
to the empirical characteristic of a tube, provided certain 
conditions (for which I would refer the reader to the 
original paper) are fulfilled. In particular the origin is 
supposed to be a centre of symmetry for (P). Let us 
consider only the upper half of the plane (Fig. 25). 
Taking a point sucfi as a on (P),there is one arch belonging 
to a (C) curve, such as AaA\ passing through a. Lienard 
shows that (1) if a lies between O and Qq the difierence 



__ q ^2 positive; (2) if a lies very far on (P) it is 
negative; (3) if a goes from Uq to infinity it is always 
decreasing. There is, therefore, one point a on (P), 
and one only, for which this difference is zero. (P) being 
symmetrical, the lower half of the plane will provide us 
with an arch, forming with the upper one a closed (C) 
curve, which we have already called (C)- 

If we start from any point inside of (C) and follow the 
(C) curve passing through it in clockwise direction (time 
increasing) we see that we shall cross the Oy line an 
infinite number of times at points A, A", A'', . . the 

distance of which to O is always increasing, and in this 
way we shall always get nearer to the closed curve (C) 
without ever reaching it, of course, because two (C) 
curves can never meet (origin excepted). The reverse 
holds for the region outside of (€). 

APPENDIX 3 
Relaxation Oscillations 

Relaxation oscillations are the limiting case of the 

periodic solution of equation 

y — e(jj+ y = ^ 

when € is infinite. , ■ 

* See Reference (13), . 
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If we put 


/VI 

U/’i 


X 

e 




y 

€ 


dz^ 


the relation between y-^ and is 

Vx = (^1 


3, 


i 

€^^dy-^ 


(16) 


which is typical of the non-linearity of the system), as 
well as 

I , 

" ” V{LC) ■ • • • ( 39 ) 

and connect the variables x and y to time t and electric 
charge g' by 

CO 


For e infinite, the closed (y^Zj^) curve is the curve 
D,BB,D of Fig 9. 


X = cui, y 


(40) 



Fig. 26 

On arcs Dj^B and Bj^D we have 

yx = H- 


3 

Zl 


(36) 


and 

therefore, on arc D,^B 


dxj = - 




X 


2 


h - ^0 == loge > 1 , (37) 

If w'e vary the parameter from zero to infinity, 
equations (36) and (37) define, for, say, Xq = 0, the curve 
of Fig. 26. (The values of are given between brackets.) 

Since we deal with arc of Fig. 10, we may keep 
only arc of Fig. 26. 

We derive from this the variations of y^ as a function 
of x^ when time (or Xj) grows indefinitely. They are 
given by Fig. 11(a). Arc ah is the same as arc B^D of 
Fig, 26; the angular point at b corresponds to the 
sudden drop of from -f 1 to - 2 in Fig. 10 ; arc be 
IS the same as arc ab, but reversed; the angular point 
at c corresponds to the sudden jump of z, from - l 
to 2 in Fig. 10; and so on, indefinitely. 

We can easily calculate the values of the period and 
of the amplitude. When Zj^ goes from 2 to I, y^ varies 
(equation 36) from — | to -f f, and Xj^ (equation 37) from 
(log^ 2 — 2 ) to — |. The full period of the oscillation 

^ — loge 4= 1'6137 . . . 

and its amplitude is f, in the non-dimensional variables 

Xj^B^ndy^. 

Coming back to an N-oscillator, if we introduce 


then, in the limiting case of e infinite {L = 0) we find 
for the period and amplitude 


T=i.e^=i.ecip-E) . 


(41) 


Q 


|e- = Idp - B) 

CO ^ ^ \ \ y 


R' 


The amplitude of the current in branch i, R, G is simplv 

21 . 

Similarly, in an S-oscillator, where C would be nil, the 
period would be 

1*6X(<7-6^) . . . (42) 

and the amplitude of the tension at the terminals of 
C, G, L would be 2F, putting 


V 


'or — G' 


a quantity which we may call the S-tension. 

APPENDIX 4 

Oscillating Triode of Order Three 

Consider^ an oscillating triode with resonant circuit in 
the grid (Fig. 27). The transformer equations are 

+ R,,) + M- 

Aj . di 


0 - (ixf+ i*.y) + mI 

“-"l + (^>i+v 


(43) 



L, 


Moreover, 


dt* 


di 

dt 


R^ 


7 


(38) 


quantity wMch van der Pol calls the F-current, and 


-f- Ku 

This gives between q.^ and q^ the two equations 

f(2i + = 0 

haffl + (?2 + + co^q^ = 0 * 


(44) 
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putting 


hence 


M 


a 


1 


a 


__M ^ 

2 — jr, 0^ 


“f" p 


2L 


b 


K 

W 2 


_ Ri 
^~2L^ 


O) 


V-^2^2 

The characteristic (or deter min antal) equation of system 
(44) is 

(1 — a-i(Xo)p^ “i" 2(82^82)^*^ 

q, (^2 _|_ 28^0)^ ~ 0 . (45) 

If we want the triode to oscillate, equation (32) must 
have two complex roots with positive real part. Variables 
and will then be functions of time of the form 

H- cos {cut + cj)) 

A, B, and (j), being integration constants. The ampli¬ 
tude of the oscillating term grows indefinitely with time; 
we assume, without being able to prove it, that if the 
curvature of the triode characteristics were taken into 
account, it would, on the contrary, tend toward a limit. 

A limiting case will be when equation (45) has two 
purely imaginary roots. Writing equation (45) as 

ap^ + ^P^ -f- = 0 

the condition for this is easily found to be 

A = be — ad — 0 

I^The corresponding frequency is then oj = va)] 

A somewhat delicate discussion shows that if A !> 0 , 
equation ( 45 ) has all its three roots in the half-plane 
at the left; if A < 0 , it has one negative real root 
and two complex conjugate ones with positive real 
part. The condition for the triode to oscillate is there¬ 
fore he — ad <, 0 , or 




+ + |?(4§i82 + °'2Y) < ® 

§ 1 / Oj 


(46) 


Since all the factors except agy are positive, a necessary 
condition for oscillations is Ugy negative, or M negative, 
as in the simpler case of the coupled triode of order two. 


APPENDIX 5 

Efficiency of an “ N ” or “ S ” Motor 

This efficiency is 


^ WjEi + 


(31) 


W and TTjv' being the energies dissipated in the load R 
and in the dipole N during one period. 

Evaluation of From its definition, 




i^dt 


t = wViBC) 




dq 

dt 


dx 






c 


zdy 


or, calling A the area of the closed curve €■» a non- 
dimensional number 


the integral being taken during one period, or, what is 
the same thing, around the closed curve (C)- But from 
equations (39) and (40) 


Wit = RI^V{BC)A 


(47) 


Evaluation of -j- —Calling as before 1q the 

constant current delivered by the source, vji the p.d. 
at the terminals of N (or of the branch i, R, C), the energy 
delivered by the source during one period T is 




rT 


^0 


(The integral includes also Wj, -h Wq, which is zero for 
one period.) 

We have supposed the oscillation to be symmetrical, 
or the N-characteristic symmetrical in regard to its 
point of inflexion (Jq, Fq), therefore 


rT 

v^fdt = F qT 



*0 


dt = ViBO) dx = V{LC) 


z 

C 


or, calling t a non-dimensional number, the integral on 
the right, which can be evaluated from our knowledge 
of curve (C), 

T = V{LC)t .... (48) 

and hence 

WitW 21 ^ IoVoViBC)r • • 

Finally we have for the efficiency of the N-motor the 
general formula 

,.S.4 .... (32) 

I T V T 
-^0^0 ^ 

It would appear as though this expression were only 
valid for a cubic characteristic, because I, the y-current 
(38), has been so defined. But we could take for I any 
intensity of current in order to define the non-dimensional 
variable y, and the product I^A would still have the same 
value. Therefore expression (32) holds good for any 
symmetrical characteristic of !N shape, empirically 

given, and for any L, i?, and C. 

For an S-motor a similar formula evidently holds. 

Cubic characteristic ; sinusoidal and relaxation cases .— 
We can go one step further if the characteristic is a cubic 
and in the limiting cases e == 0 or 00 . In the sinusoidal 
case the closed curve (C) is a circle of radius 2, hence 

= 47 r, T = 27r, and 

^ . . . . . (60) 

In the relaxation case a simple calcnlation shows that 
A = l-5e, and (Appendix 3) t = l- 6 e, hence 




2-8 


R(P - R) 


(51) 
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Maximum efficiency. N-characteristic must lie 

using the cubic 

equation this is easily seen to imply 

^o^oY ^ ip^ 

On the other hand, algebraically, 

B{p - B) 


equality being attained when i? = ^. 

2 
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Therefore, using relation (32), we find 

3 A 
Id t 



where Air is a non-dimensional number, a function of 
the € of the cubic characteristic. 

This number, we have seen, is 2 for € = 0 , and 2-8 
for e — 00 . Therefore— 

For sinusoidal oscillations < 0*375; and for re¬ 
laxation oscillations 77 < 0*525. 

It seems likely that Air would increase steadily with e 
alhough we can offer no proof of this. ' ' 



DISCUSSION ON 

“THE THEORY, PERFORMANCE, AND CALCULATIONS OF A 

POLYPHASE CAPACITOR-TYPE MOTOR.”* • 

developed by the authors has been”b^^ oj^a^uui^^ derive 't ^?hge, the compensating circuit will 

Of assumptions, which, although of negligible inaccur^cv 1 I 'voltage jS, and point B (Fig. B) 

on the motors chosen for test, may prove serious sourcel if primary impedance. 

y P serious sources If c is infinitely small, the compensating circuit will 

-TfiTdFMA/lAA- 
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3 

c=< 

<=>) 

Of 

oj 

-3 
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X, 


Ti 


^ • 
F 




+jlxe 


(joC) 


,2 


Case 1. The motor connections per phase and the 
corr^pondmg equivalent circuit fire shown in Figs A 

. The equivalent circuit of Case 2 presents more 

bothcompensating circuit being excited 
by the internal voltage E and the external voltage 
I* Fig. C shows the motor connections per phase. 

Paper by Dr. J. J, Rudra and Mr. D. J. Badkas (see vol. 77, p. 420). 
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Fig. A 

machines with high magnetizing current. It 
IS the low-power-factor machine which especially calls for 
compensation, and advantage may be gained by calcula¬ 
tion from a more accurate equivalent circuit 

the same nomenclature, 

rJo^rXelc^, IKo^oiO), == the compensating circuit re¬ 
sistance, reactance, and capacitive reactance respect¬ 
ively, referred to the primary winding. 

the impedance of the compensating circuit referred 
to the primary, 

■ 



Fig. B 


voltage-©,, and point B must 
e to the left of the primary impedance. 

Sufficient accuracy for all calculations should he 



obtamed if the primary impedance be split at point B 

with (r, +3x^)~ to the left, and (r, L to 

the right. ^ + 1 
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Fig. D 


When = voltage induced in the compensating 

winding referred to the primary, 

Ejfc = actual voltage of the line acting in the 
compensating circuit and referred to 
the primary, 

{E-Jc) -f E^ = total referred voltage impressed on the 

compensating winding, 

X = voltage-drop in H- 1)] of the 

primary winding, 

1[, ref.> the referred current in the compensating circuit, 

_ ^ 

^0 + ip — l/(cuC)] 


by him and which seems quite justified, the equations 
of the motor for Case 2 may be written as;— 


J = ZqIq . . ..... (a) 

A == . . . . (&) 

“H ZqTq . . . . • (c) 

[From [b) and (r)]j4 = ■ ■ ■ ■ {^ 

'Zjq /Jq 

E = Zi)tey (^) 

a a 

~ Jq -f- etc + -^2 . • . • (/) 

Substituting in (/) from [a), [d), and [e\, and transposing, 
we get 




1]e . 


In all cases xJE^ will be very small compared with 
(c -f- 1) and may be neglected, and the equivalent 
circuit will become as shown in Fig. D. 

It is interesting to note that a given power-factor 
correction calls for an almost constant condenser kVA 
whichever connection is employed, and that the actual 
connection and value of c must be chosen chiefly to give 


Substituting for E from,(g) in {b) gives 



{k) 


an economical condenser voltage. ■ / 7 \ i 

Dr. J. J. Rudra and Mr. D. J. Badkas {in reply): The right-hand side of equation (A) shows that the 

We agree with Mr. Minchin that the approximate theory exact equivalent circuh of the motor consists of an 
of the motor given in our paper may not suit motors impedance in series with three parallel impedances, viz. 

with high magnetizing currents. Although w^e had given 7 Tl — /-Z/Z'll / cZ \ 

some consideration to the exact theory of the motor, we /1 — —M, — -lLiLTiI^ and zJ\ -^ j 

felt that for a new motor it was much better to put \ Z^ / c(l -f c) , \ Z^/ 


forward fi,rst an approximate and simple working theory 
than a complicated theory such as the exact one is. 
However, the exact theory has to be tackled sometime 
■or other and we welcome Mr. Minchin’s communication 
in this connection. 

The exact equivalent circuit for Case 1 proposed by 
Mr. Minchin in Fig. B can be confirmed mathematically 
by the method given below, and the equation of the locus 
of current in it can be easily deduced from equation {m). 

The reasoning employed by Mr. Minchin for deducing 
the circuit in Fig. D for Case 2 is very interesting and, 
though the circuit does not appear to be correct and is 
very difficult to solve, it should not give results very 
difierent from those from the circuit which we obtain 
-mathematically below. 

Neglecting the interaction of the leakage fluxes of 
the primary and the compensating windings, as is 
■•evidently done by Mr. Minchin in the cases considered 


The circuit given by Mr. Minchin in Fig. D cannot be 
obtained by any permissible modification of the terms 
in the right-hand side of equation (A). 

The term cZ^lZc should be expected to be small in 
practical motors, and, as its presence greatly complicates 
the solution of the circuit of the motor, it may be 
neglected in the first instance. The equivalent circuit 
Of the motor then reduces to that shown in Fig. E. This 
circuit is probably as exact as one would like for practical 
purposes. 

To enable the exact theory to be tested, and compared 
with the approximate theory outlined in the main paper, 
we obtain below the equation of the locus of the primary- 
current motor according to the exact circuit. For con¬ 
venience in calculations, it is advisable to combine the 

constant impedances Zq and Zc/[c(l -j- c)] into a single 
constant impedance Zq = + jx'^. The relation between 
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the current and the voltage of the circxiit can now be 
written as 



^1^0 + ^1^2 + ^0^2 / 
^0+^2 " 



Take O, the starting point of the primary current 
vectors in Fig. F, as the origin of co-ordinates, and the 
direction of OE, the primary impressed e.m.f., as the 
axis of y. Let [x, y) be the co-ordinates of the extremity 
of at any load. Then, when 1^ is leading, 

* 

I I = Ii cos sin = (y — jx) 

X in this case being negative. 


Xj 



Fig. E.—Exact equivalent circuit for Case 2. 


\¥hen is lagging. 


Equating the real and imaginary terms on the two sides 
of equation [k) 



Fig. F .—Exact and approximate primary-current loci 

for Case 2. 


Equating the values of r^ja given by equations (/) and 
{m), cross-multiplying, and simplifying. 


h = A cos 9^1 — sin (fj^ = {y — Jx) 

X in this case being positive. Hence, whether is 
leading or lagging, ^ = (y - jx). Therefore, multiplying 
both sides of equation (j) by + Z^). putting ly ~ jx) 
for /j^, and simplifying, 

(^0 + ~)^1 + K + = |a + 1 ^0 + ^ 1 )^ 2 ! 


-{iS 


(^0 “ f " %)'^2 


Jx + + ^0 + ^2)>-2j, 


(i-'o + r.^)r^' 


■ ■ i^) 


where 




(^0 + ^0 + (j* 1+^1) ^0+{(^0+ ^1) ^ + (^0+^1) ^ + 2 /^) 

(^Q -f Xq^ -f- 2XqX2 “J" ^^ 0^2 

-(2xo^li-2r'x2+2r^X2W^^ (n) 

(n) is the equation of locus of the primary current, 
and is a circle whose radius and co-ordinates of the centre 
are easily obtained from the equation. Fig. F shows the 
exact and approximate primary circular current loci 
with their respective centres e and a for the 5-h.p. motor 
referred to in the paper. The point P on the exact locus 
corresponds to approximately full load. It will thus 
be seen that, as far as this motor is concerned, the 
difference between the exact and approximate loci is 
small m the working range of the motor. 

We regret that it has not been possible to test the 
exact theory on a motor of large magnetizing current, 

and we hope that this will be done by those who are in 
a position to do so. 




DISCUSSION ON 

“REMOTE CONTROL OF POWER NETWORKS”* 

NORTH-WESTERN CENTRE, AT MANCHESTER, 7TH APRIL, 1936 


Mr. W. Kidd: The authors speak of ‘‘ remote control'' 
and also of “supervisory control”; what is the line of 
demarcation ? 

They stress the point that continuity of supply is one 
of the main concerns of supply engineers; that is quite 
true, but I must remind them that supply authorities 
have a remarkably good record in that respect, and in 
this area interruptions are extremely rare. I certainly 
would not advocate the use of supervisory control as a 
means for reducing the number of interruptions; it has 
many other features which are assets to the supply 
industry, and which justify its adoption. 

For example, it will help to reduce the period of an 
interruption when trouble does occur. The first and 
most important thing in such circumstances is to get 
to know what has happened; only when he knows the 
origin of the trouble can the engineer take correct 
action. Supervisory control gear will bring that in¬ 
formation instantaneously to a central control room, 
where it also provides facilities for instantaneously per¬ 
forming any switching operation. It is quite unlikely 
that, without supervisory control, a fault in an un¬ 
attended substation could be dealt with in less than 
half an hour. 

When distribution systems were fed either direct from 
generating stations or from manually-controlled sub¬ 
stations, there was very little use for supervisory gear, 
and I doubt whether such gear could have been justified 
even in unattended substations, on account of the then 
high price of automatic plant. The development of 
supply-system design in the direction of the super- 
imposition of higher-voltage transmission systems 
(66 kV and 33 kV), with transformer substations feeding 
iower-voltage systems, has necessitated a large nurnber 
of distribution substations; the change-over from direct 
current to alternating current has further increased the 
number of unattended substations. This great increase 
in the ratio of the number of substations to the number 
of attendants on the system is a feature which has con¬ 
tributed more than anything else to the desirability of 

the employment of supervisory gear. 

In our recent paper,t Mr. Carr and I showed that 
supervisory gear is a sound commercial proposition, and, 
judged on financial grounds only, will pay for itself 
within 3 years. That statement has been substantiated 
by information received later from other supply systems. 
Supervisory gear has been used in this area for 5 or 6 
years; no record has been kept of the number of opera¬ 
tions, but I am informed by my colleagues that there 
has not been a single case of incorrect operation. A few 
failures to operate have occurred; they have mainly been 


* Paper by Messrs. G. A. Burns and T. R. Rayner (see page 95). 
t Journal I.E.E,, 1934, vol. 74, p. 285. 


due to “ dry ” joints. These faults do not show them¬ 
selves during preliminary testing; they are not serious, 
because they do not cause wrong operation but simply 
failure to operate. Records from another supply under¬ 
taking show that in 10 000 operations they had three 
failures to operate, but no incorrect operation. It can 
therefore be asserted that the coded impulse system is 
thoroughly reliable. There is a tendency to use insu¬ 
lated wire of poor quality with this gear; I strongly 
advocate a high standard of insulation for the small 
wiring, especially in the substations, when there may be 
dampness at certain seasons. 

Any system of transmission and distribution which is 
growing at a reasonable rate can neither have its exten¬ 
sions developed and plaimed in a thoroughly satis¬ 
factory manner, nor can it be controlled effectively, 
unless there is accurate information available regarding 
the incidence of loading on plant and cables. The collec¬ 
tion of such information on a large system which has 
unattended substations is not only inconvenient but 
also costly, and consequently is frequently not properly 
done. The installation of supervisory gear is obviously 
the correct procedure; it gives the means for collecting 
all the required particulars periodically, easily, and at 
a low cost. In my opinion, it would be foohsh not to 
avail oneself of such useful apparatus. 

The maintenance of this type of gear should be done 
by people accustomed to telephone work rather than 
by those accustomed to dealing with heavy plant. I 
often hear supervisory gear characterized as being 
complicated; yet there are thousands of automatic 
telephone equipments in use and they give rise to very 
little trouble. "We have found the repairs bill for a large 
supervisory control installation to be almost negligible. 
6ne man can test and adjust a substation with a large 
number of equipments easily in a day. The total cost 
is about 14s. per circuit breaker per annum, and I am 
of the opinion that the cost will be substantially reduced 

in the future. 

The indicatiug boards which have been shown in the 
authors’ slides are extremely interesting, but none has 
yet appeared to be an 3 d:hing like ideal. The most suit¬ 
able type of central control board is, I suggest, still un¬ 
developed, but I think it wffl soon emerge. The colour 
of the boards is an important item for those people who 
have to sit in front of them all day. ^ The white back¬ 
ground with black lines is rather glaring and tiring for 
the eyes, and a black ground and white lines does not 
look well. I would suggest a green tint. What experi¬ 
ence have the authors had on this point? I should 
like to know their views. 

Rapidity of operation and checking is important, and 
there is little doubt that in recent years the makers have 

[381] 
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been able to meet the requirements of power supply 
engineers much better than formerly. The rotary 
stepper switch is a reliable piece of apparatus. 

Mr. T. W, Ross: Supervisory control is now estab¬ 
lished in practically all countries, and is accepted by 
operating engineers as a reliable and useful means of con¬ 
trolling apparatus situated at a distance from the control 
point. 

This form of control was originally developed as an 
addition to the completely automatic generating station 
or substation, and as the direct result of experience in 
the operation of such stations. It was found that the 
automatic starting and stopping of machinery in accord¬ 
ance with some predetermined condition was not, in 
some cases, entirely satisfactory, and that it was some¬ 
times necessary to anticipate a change in conditions 
in order to obtain the best results. It is practically 
impossible to anticipate changing conditions automati¬ 
cally, and therefore the human element has to be intro¬ 
duced. A single operator can, however, control many 
generating stations or substations if means are available 
for doing so. Before the advent of supervisory control 
the only means available was remote control by numerous 
pilot wes between the control room and the stations. 
If the distance between these points is short, this method 
may still prove economically sound, but for longer dis¬ 
tances the cost of cable would be prohibitive. Super¬ 
visory control, as distinct from remote control, provides 
a solution to this problem, since by means of selective 
switching a single pilot or telephone circuit can be made 
to do the work of any number of pilot wires. 

The problem of transferring the pilot or telephone 
wdres to and from the various control circuits is similar 
to that of automatic telephony, and the obvious solution 
was to make use of the highly developed automatic 
telephone apparatus already in successful use in all parts 
of the world. The authors have contributed largely 
to the development of supervisory control gear in this 
countr^s and the many schemes which have been evolved 
as the result of their work have considerably simplified 
and improved the art. For instance, the original Lper- 
visory gear required four pilot wires (two for selection 
purposes and two for control purposes), whereas the 
inodern gear requires only a single channel of communica¬ 
tion. This channel of communication can take any form 
which is suitable for telephony. 

It is a pity that the paper does not deal with the use 
of earner current over the power lines. Although there 
are many difficulties in the wa 3 r, I feel that this method 
will be much used in the future for telephoning and 
supervisory purposes. The authors mention that when 
a G.P.O. channel of communication is used the super- 
msoij gear must be completely insulated from the • 
U.I .O bnes, but they do not mention that in some cases 
It IS also necessary to insulate it completely from the 
power apparatus with which it is associated. Inter- 
posing relays are largely used for effecting this insulation 

apparatus 

I consider them desirable. 

wliich the authors are respon- 

f importance. I refer to 

the phototelemeter. This is the only practical form 

of remote metering which gives an instantaneous 


reproduction of instrument indications at the remote 
point. It is particularly applicable to supervisory 
control schemes and can be operated through any 
channel of communication. 

I notice on page 98 a statement that the voltage 
induced into the pilot wires is proportional to the voltage 
on the power line. I cannot understand this, since 
the maximum end-to-end voltage is due to magnetic 
induction brought about by any unbalance in the 3-pliase 
, currents flowing over the power line. 

I consider that the use of supervisory control gear 
and channels of communication is not a suitable method 
for the selective protection of power networks. The 
reasons which induce me to make this statement are; 
(a) unw^anted time-delay introduced by the supervisory 
gear; (b) the channel of communication must always 
be available for protective-gear purposes; (c) the intro¬ 
duction of additional apparatus into the protective 
scheme. 

Mr. J. Venters: A feature of remote control equip¬ 
ment that impresses an outsider is the ease with which 
it can be tested and altered on site. This feature is 
valuable on account of the time it saves, because occa¬ 
sions arise when the remote control equipment is only 
part of the scheme, and the gear cannot be tested as a 
whole until it is erected in the customer’s premises. 
Factory tests will eliminate errors in construction and 
in adjustment of the individual parts, but the final 
adaptation of the equipment to suit service conditions 
must be postponed until it is erected on site. Any 
alterations that may then be found to be necessary, 
either to the adjustment of the relays or to the scheme 
as a whole, can be made with great rapidity before the 
equipment is handed over to the customer. 

When remote control equipment is employed to 
transmit impulses to operate protective devices, a com¬ 
promise has to be made between two conflicting require¬ 
ments: (a) rapidity of transmission of the impulses, and 
(b) cornplete security against wrong operation of the 
protective gear. The rapidity of clearance of faults 
is becoming an increasingly important matter, and the 
advantage is with those systems and methods of remi.ote 
control that give the desired results in the minimum 
time. Against this, however, security against wrong 
operation of the protective gear means complication, 
and in general every additional relay in the series adds 
to the time of operation. The problem arises in its most 
acute form with pilot-wire types of protective gear, 
because the pilots are an expensive part of the equip¬ 
ment and have to be reduced to two wires wherever 
possible. Instances arise where the pilots are the con¬ 
necting link for two independent sets of protective gear, 

. as well as for all the supervisory and communication 
equipment. The equipment has to be designed to dis¬ 
criminate between the signals sent over the pilot wires 
'Without delaying the transmission of those that operate 
the protective gear, and to ensure that the equipment 
correctly over a wide range of impedances in 
the pilots themselves or shunted across them, whether 
the pilots are correctly' connected or accidentally re¬ 
versed. Provision to meet reversal of the pilots appears 
to be essential where overhead pilots are hired from the 
national telephone administration. 
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Overhead pilot wires may be considered satisfactory 
for remote control equipments engaged on routine work, 
but when conditions of emergency arise, or when the 
pilots are used to operate protective equipment, the 
vulnerability of overhead pilots is a disadvantage. As 
an example, with a pilot system of protection guard¬ 
ing an overhead line transmitting a large amount of 
power, the risk of failure of the power line is greatest 
when the weather is bad, during thunderstorms, gales, 
or heavy falls of snow, but under such conditions the 
risk of failure of the overhead pilot wires is greater still. 
The wires may become broken or twisted together, and 
so unable to perform their function just w^hen urgent 
messages have to be transmitted, or the protective gear 
operates to trip off the power line. For such condi¬ 
tions underground pilots appear to be the only adequate 
solution, although carrier-current pilots using the power 
line itself may develop into an alternative. 

Most remote control equipments are designed to 
operate on direct current at 60 volts, and in- general 
the 50-volt supply is obtained from a battery. As> 
however, it is not an easy matter even with regular 
maintenance to keep the battery voltage at 50,-it is 
desirable that the remote control equipment should be 
designed to operate satisfactorily over a wide range of 
battery voltage, say 40 to 60 volts. This requirement 
is of special importance when the remote-control equip¬ 
ment is used to transmit impulses operating protective 
gear, because the protective gear must operate satis¬ 
factorily whenever called upon to do so by a failure 
on the power system it protects. 

Variation in the battery voltage is also of importance 
when the remote-control equipment transmits the read¬ 
ings of indicating instruments, such as ammeters and 
wattmeters. The instruments may be some distance 
from the remote-control equipment, and the voltage- 
drop in the connecting leads may introduce a com¬ 
plication. 

Mr. H. Pearce: Referring to the finish of super¬ 
visory control diagrams, having seen a good many 
diagrams carried out in various colours, including, for 
example, brown and light blue, I have come to the 
conclusion that what is really needed is a comparatively 
dark tone which will not be trying to the eyes of the 
operators. My own particular taste is for a blue-green 
which makers describe* as Luton blue.” It is a restful 
colour, and not too bright. 

Mr, W. Fennell: In col. 2, page 95, the authors say, 
” It is also necessary that the system shall be run with 
the minimum stall possible.” Are they prepared to 
prove that statement ? I should like to point out that 
redundant staff is one of the troubles the electrical 
industry will have to face in the near future. We shall 
soon find ourselves paying men to be at home instead 
of on the job. I know of one case where the situa¬ 
tion has arisen of men having to be placed in certain 
positions about the area in order that the consumers 
shall have someone to whom they can go when they 
have trouble with the supply. Unattended substations 
are being developed to such an extent that there is no 
staff for miles with whom the consumer can get into 
touch. Under the old-fashioned system there were 
attended substations in each small town, and when the 


supply failed consumers could telephone or go round 
to find out how long the supply was likely to be off. 
There could be an indicator in each locality, operated 
from the control centre, to tell the public locally how 
long it will be before the supply is available. 

On the question of supervisory control and remote 
control, until to-day I thought I knew the difference 
between the two. I thought that remote control meant 
that action at one place produced an operation else¬ 
where, and that supervisory control provided also in¬ 
formation of a distant happening, so that the operator 
could know what action to take. 

With regard to the transmitting of readings of distant 
instruments, I have in use one piece of apparatus of 
great importance in receiving a bulk supply. The bulk 
receiving station is about 2 miles from the centre of 
control and is up a lane about mile long which is often 
6 in. deep in mud. We want to know from time to 
time what the load is on the system: it is important 
at peak-load times to operate batteries so as to limit 
the maximum demand. We have a hired Post Office line 
which transmits the reading of the necessary instrument 
to our principal substation. For some time past I have 
been investigating the possibility of dispensing with the 
three shifts of attendants at the receiving station as they 
are so isolated, and have normally no useful duties. I 
hope that before long we shall be able to use some 
supervisory control system, not for the purpose of dis¬ 
charging these men, but to transfer them to some worth¬ 
while occupation. 

Mr. A. S. Johnstone: I should like to know whether 
anything has been done in connection with short-distance 
beam wireless links to replace circuits hired from the 
Post Office. It is, of course, essential that any circuits 
hired from the Post Office should be absolutely reliable 
under all circumstances, and it is questionable whether 
the Post Office authorities realize this. Experience has 
shown that the Post Office are apt to reverse lines 
without first notifying the renter of these lines, and, 
although apparatus may be made to deal with reversed 
lines, complications are bound to arise when special 
circuits used for telemetering are interfered with. 

Automatic apparatus is not so reliable as people 
state. Any maintenance man in a public exchange will 
explain that apparatus does not function as it should 
do, and that on many occasions this apparatus has to be 
locked out of circuit whilst the necessary adjustments 
are made. In the Post Office, apparatus used for 
piiblic exchanges is duplicated many times over so as to 
facilitate repairs. This is not always a financial proposi¬ 
tion when apparatus of a similar nature is used for 
telemetering purposes. 

Mr. P. F. GunniULg: The use of the visuar telegraph 
has not, in my opinion, been stressed as much in the 
paper as its usefulness appears to warrant. In these 
days when generating stations operate to prearranged 
programmes in order to obtain. the highest overall effi¬ 
ciency for a large area, conditions outside the control of 
the operation department, such as storm, fog, and line 
or generator failure, may necessitate sudden departure 
from the programme on the part of one or more stations, 
depending upon the nature of the abnormal occurrence. 

The C.E.B. supervisory equipment in North-West 
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England provides for the transmission of a common visual 
^gnal to all of 26 stations, which takes less than 5 secs. 
Thus the control engineer can, by means of the telegraph, 
rapidly cope with any emergency condition that may 
arise. Particularly valuable is the use of the telegraph 
in the control of system voltage and transfer of reactive 
load, by the transmission of signals for the raising or 
lowering of transformer taps. In the same area it has 
been found that the following signals are most useful: 
(a) Hold load^^• (b) “Increase load“; (c) “Decrease 
load (d) Programme {e) “ Raise taps (/) “ Lower 
taps. ^ The “ hold load “ signal requires the station to 
hold its existing load, departing from programme The 
“ increase load and “ decrease load^' signals require 
the station to raise or lower the load by a prearranged 
amount, decided by consideration of the efficient gene¬ 
rating capacity of the station. 

If the fullest use is made of the telegraph in the fore¬ 
going manner, for load-despatching and reactive-load 
control, the control engineer's telephone is left free 
for the more important messages dealing with such 
matters as permits, switching, and emergency information 
regarding plant. 

A complaint has been raised during the discussion 
that^ the reversal of pilot wires causes dislocation of 
service. This is a contingency which should be pro¬ 
vided for, especially in cases where the lines are hired 
from^ an outside telephone administration. The line 
circuits should be so arranged that reversals do not 
matter. This can be done by the use of voice-frequency 
signalling currents; or by “pause" marking when 
signalling with direct-current impulses; or by a scheme 
whereby the first two pulses are used to find out the 
conditions of the lines, whether reversed or normal, and 
to reverse the line-relay circuits if necessary for the 
succeeding pulses. Such a circuit principle is in use for 
the inter-tripping of the line oil circuit-breakers at 
Crewe, Percival Lane, and Warrington, over G.P.O, 
channels.^ A time of 0-8 to 1-0 sec. is obtained for the 
transmission of the inter-trip code, which is composed 
of pulses of varying polarity. Such a code ensures 
correct discrimination between a genuine inter-trip 
signal and external interference. 

The reliability of the t 3 ;pes of supervisory equipment 
described in the paper has been very good. In the 
early stages of the grid, the routine maintenance had to 
be neglected owing to the large amount of new equip¬ 
ment being installed and put into commission. The 
frequency of faults on the gear, even under such adverse 
conditions, was surprisingly small. 

Messrs, G. A, Bums and T. R. Rayner {in reply): 
Mr. Kidd asks for a clear definition of the terms “ remote 
control" and “ supervisory control." It is agreed that 
these two terms are used very loosely in the paper and 
also in general conversation. We think, however, that 
the term “ remote control" is a general one, embracing 
all installations where the switches are situated at a point 
some distance from the controlling devices. Supervisory 
control is a more restricted term and is usually used to 
describe a system wherein the operation of a number of 
switches is controlled over the same pilots. It is, we 
feel, a term which has come into use owing- to the 
that the equipment used for supervisor? conSol is 


similar to that which was in the first place used for super¬ 
visory indications. 

The question of the best design for an indicating board 
is certainly very controversial, but we agree with Mr. 
Kidd that from the various types now in use a vastly 
improved board will soon be evolved. 

As regards the colour of the mimic diagram, it is 
a^eed that white and black are very trying colours to live 
with. Black, however, has one great advantage in that it 
makes it a comparatively easy matter to obtain a good 
match between old and new panels, whereas white and, in 
fact, all the lighter colours, change somewhat with time, 
making it practically impossible to make a change to the 
board which cannot be detected due to variations in the 
colour of the ground. Erom the point of view of pro¬ 
ducing a board with a pleasing appearance, it seems to us 
that it is impossible to improve upon the use of a fairly 
light bluish-green, but a darker colour as favoured by 
Mr. Pearce has the advantage that it is less disfigured by 
dirt, etc. It must be borne in mind that the depth 
of colour employed will be governed to a very large ex¬ 
tent by the general level of illumination in the control 
room. 

In reply to Mr. Ross, the suggestion on page 98 is that 
the maximum voltage which can be induced into the 
telephone line is equal to that between the faulty phase 
and earth, whilst the fault current is actually flowing. 
That is to say, we have assumed a line which is charged 
from one end with the far end open, and a fault develops 
on one phase of the power line. Under these circum¬ 
stances a heavy current will flow in a single phase only, 
and in fact all the current in the system will be an out-of¬ 
balance current. Naturally any current which does flow 
in the other conductors with opposite phase will tend to 
reduce this induced voltage. 

Mr. Ross also criticizes the use of supervisory apparatus 
for protecting purposes. With regard to the time-delay 
introduced by the supervisory equipment, it is often 
found that the overall time taken to effect a clearance is 
reduced and not increased by the incorporation of super¬ 
visory apparatus. The assumption of a pilot between two 
stations enables the protective relays to be much faster 
in operating, and the time saved here is often consider¬ 
ably more than that taken to transmit the impulse to the 
far end of the line. It is, of course, agreed that the 
channel of communication must be available for use by 
the protective circuits. 

With modern equipments it is usual either to provide a 
continuous test to prove the continuity of the pilots or, 
alternatively, to provide means at some central point for 
completely checking the operation of the protective gear 
roin end to end. In our opinion this second method of 
test IS much preferable to a continuous line test, since no 
extra complications are introduced into the protective 
equipment proper. 

The introduction of additional apparatus into the pro¬ 
tective scheme is only a disadvantage if it reduces the 
reliability of the system as a whole, and it has been 
found that with the judicious use of communication 
channels and supervisory equipment, more rapid and 
accurate discrimination is obtained and, therefore, the 
overall reliability of the system is increased. 

Mr. Johnstone is, we think, under a misapprehension 
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concerning the normal procedure in a P.O. telephone 
exchange. The administration do not normally provide a 
large quantity of duplicate apparatus to facilitate re¬ 
pairs . Admittedly, there will usually be one or two spare 
sets of equipment, but these will act as spares for several 
thousands of switches. Mr. Johnstone should also re¬ 
member that the traffic handled by switches in a telephone 
exchange is very much greater than that which obtains on 


supervisory equipment. For instance, in a director area 
some of the switches are in practically continuous use 
during the busy periods of the day, and in fact the whole 
exchange is so designed that it is just capable of carrying 
the maximum traffic. 

Various statements concerning the reliability of the 
telephone apparatus have been made by a number of 
speakers, and these require no further elaboration. 
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Three 250 kW pumpless steel clad 
mercury arc rectifier units in the 
Putney Bridge Sub-station of the 
London Passenger Transport Board 


THE FIRST INSTALLATION OF PUMPLESS STEELCLAD MERCURY ARC RECTIFIERS IN THE WORLD 


This new type of rectifying unit 
represents one of the most out¬ 
standing achievements of recent 
engineering research. The entire 
experimental and development 
work involved was carried out in 
the G.E.C. development depart¬ 
ment at the Company's Witton 
Works. Illustrated technical de¬ 
scription No. 353 will be sent on 
request. 


The main advantages of this new development include: 

Air cooling which does away with the need for water supply, pumping 
equipment, etc. 

No vacuum pumping equipment is required. 

Fragile material, such as glass, is eliminated. 

Considerable saving of space. Complete equipment can be supplied in 
cubicle form, a very compact arrangement. 

Ability to carry heavy overloads. 

Withstands heavy short circuits without damage. 



iVfaww/acifwm; The General Electric Co., Ltd, Head Office: Magnet House, Kingsway, London, W.C.2 
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APPARATUS FOR RESEARC 




We invite enquiries for ; 

MERCURY VAPOUR 
RECTIFIERS 

GAS-FILLED RELAYS 

POWER AMPLIFIERS 

TRANSMITTING VALVES 
UP TO 1.5 KW. 


Particulars of these and other Trans¬ 
mitting Valves can be obtained from 
Technical Service Dept., Radio Division, 
155 Charing Cross Road, W.C.2. 


SHORT-WAVE TRANSMITTING VALVES 

Constructed in hard glass bulbs with graphite 
anodes, these valves will oscillate satisfactorily 
at wave-lengths down to 5 metres. 


Type ESW 501 

Filament Volts - - 

Max, Anode Volts 
Max, Dissipation 
Impedance - - - 

Amplification 

Price £4.10.0 


6.0 

- 1,500 
65 watts 

- 10,000 

15 


Type ESW 204 

Filament Volts - - - 

Max. Anode Volts 
Max. Dissipation - 2: 

Impedance - - - - 

Amplification - - - 

Price £15.0.0 


n,o 

- 2,000 
250 watts 
- 9,000 
20 


CATHODE 
RAY TUBES 

These are of the high vacuum 
type and can be supplied with 
green, blue or white screens. 

The type CH illustrated is a 
3-anode tube specially designed 
for television reproduction. 


TVI-'S C W 


Type; AH BH CH 

Screen dia. 17 13 25 cms. 

Max. Anode 

Volts 3,500 2,500 6,000 

Sensitivity JOOjV 4501V SOOJV 

Price £10.10 £8.8 £12 



ENTIRELY BRITISH MADE 

DIS WA 


RADI O 


THE EDISON SWAN ELECTRIC CO. LTD. 



VALVES 


155 CHARING CROSS RD., LONDON, W.C.2 


r.E.394. 
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ts*" '* of the Westinshousi 

HamLrsmiTh ^J"'‘-!'l'' k“* c*u® Postgraduate anr 

mmersmith Hospital by Schall & Sons. As such, thi* 

read^irf of" r?®’' Portioolar interest to many 

readers of this advertisement, but it serves to show the 

now «a“ab?e for M®**' Rectifier, which is 

e"atTer"wh:r/";e%'"‘hirh’' vo^re?” are '-0 ■ ‘"d' “r"' 
electrostatir ^ a. . ^ ^ ® required for 

electrostatic precipitation, to the other where heaw 

^rtTd f°' thousands of amperes a« 

rectified for electro-plating, etc. Its long lifA oacA t 
installation ■>w%A ^ V . * •'^"g life, ease of 

,od ? ’ ? ■ of maintenance render it useful 

?• “""“i "I *" '"■e'’''’®' °f iodustry where direct 
current is required from A.C. Mains. ^ 

Write for descriptive literature to Dept. I.E.E 



METAL 


RECTIFIERS 


BRAKE & SIGNAL COMPANY LIMITE 
== 82 , York Road, King’s Cross, London, N.’l^^ 
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The McGOWA 

on Electricity Distribution 




May 1936 


This is the reason why so many Supply Authorities are installing 

METROVICK LOAD-RATE PREPAYMENT METERS 



The “Metrovick” Load-Rate Prepayment Meter takes 
pennies and/or shillings, automatically charges a lower 
rate when the load exceeds a pre-arranged value and 
restores the higher rate when the load falls again 


All “Metrovick’* 
Meters are made 
from 

British materials 
throughout. 


ELECTRICAL 

TRAFFORD PARK 


—CO., LTD. 

MANCHESTER 17. 
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RAW MATERIAL RESEARCH 
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metallurgical laboratory 
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STANDARD POWER CABLE 

Th„e pho.„g«pH, >how 

the van of scientific progress maintain the Laboratories and staff necessary to keep in 

Althoi^h Standard Cables may outwardly look the same as any other make this is>ho evi-ra 
you obtain when you place your Cable orders with— ^ the extra 


NORTH WOOLWICH, E.16. 


re 

Telephone: ALBERT DOCK 1401. 
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LJb.h. JOURNAL ADVERTISEMENTS 



A large engineering works receives bulk 
supply from the power company at 
2,200 volts, 2 phase, 50 cycles. 

Charges are made on a maximum kVA 
basis and are as follows i— 

(a) A fixed maximum demand 
charge per kVA per annum, 
^1. 16. 0. 

(b) Energy charge per unit, 

0 

.75 pence. 


The maximum kVA demand of the motors 
and other electrical appliances at this 
factory is 730 at a power factor of 
0.73 lagging. 

By the installation of a condenser design¬ 
ed to correct the power Factor to 0,91 
lagging the maximum demand kVA 
will be reduced to 585, resulting in a 
saving of ^261. 0. 0 

The initial outlay can be recovered in 
20 months, after which there is a saving 
of ^261 per annum. 



"s' 




UPKEEP COST IS NEGLIGIBLE 


Mini 


imum 


Initial Outlay is paid For out oF economy effected. 

Floor space is occupied. 

Excellent booklets explaining power factor correction are available upon 
application. 

Send us details of your Electrical Tariff and load and we will investigate your 
particular problem without any obligation. 













DUB I LI E R CO N D E N S E R CO. (1 925) i T D., D U C O N WORKS, VICTORIA ROAD, N . A C T O N, W.3- 
P.F.2. , ■ 













VERTISEMENTS 
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Members of the C.M.A. 

The Anchor Cable Co, Ltd. 

British insulated Cables Ltd. 

Callender’s Cable & Construction Co. 

Ltd. 

The Craijjpark Electric Cable Co. Ltd, 
The Enfield Cable Works Ltd. 

Edison Swan Cables Ltd. 

W. T, Glover & Co. Ltd. 

Greensrate & Irwell Rubber Co. Ltd. 

W. T. Henley’s Telegraph Works Co. 

Ltd. 

The India Rubber, Gutta-Percha & 
Telegraph Works Co. Ltd, 
Johnson & Phillips Ltd. 

Liverpool Electric Cable Co. Ltd. 

The London Electric Wire Co. 

and Smiths Ltd. 
The Macintosh Cable Co. Ltd. 

Pirelli-General Cable Works Ltd. 

(General Electric Co. Ltd.) 

St. Helens Cable & Rubber Co. Ltd. 
Siemens Brothers & Co. Ltd. 

(Siemens Electric Lamps 
& Supplies Ltd.) 
Standard Telephones & Cables Ltd. 
Union Cable Co. Ltd 
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“QUEEN MARY” 

NIFE NEVER FAYLE Emergency Equipment in the Queen 
Mary ensures adequate Low Pressure Power at all times. 
NIFE Nickel Cadmium Batteries are also used for the Gyro¬ 
compass which keeps the ship on her course. 

In addition, NIFE Safety Hand Lamps are provided at vital 
points of the Ship for emergency use. 
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BABCOCK HOUSE, 34 FARRINGDON STREET. LONDON 


T he Babcock Genspring Constant 
Support is the latest development 
for supporting pipelines and other 
equipment subjected to high temperatures. 
It is scientifically designed and constructed 
in a light compact form to provide constant 
support over a wide, range of vertical 
movement, thereby eliminating the dangers 
of increased stresses in the system and 
consequent jointfaijures and other troubles 
caused by the variable supporting effort of 
ordinary spring supports. It has all the 
advantages and none of the disadvantages of 
the heavy and clumsy counterpoise support. 
The figure shows the difference in perform¬ 
ance between an ordinary spring support 
and the Babcock Genspring Constant 
Support. The Babcock Genspring Con¬ 
stant Support covers a wide range of load 
capacities and vertical travels. All parts 
are standardised and Interchangeable. 


CURVE SHOWING SUPPORTING FORCE 

and deflection 

Ordinary support 

^ Babcock-Genspring Constant Support 

INCREASE IN SUPPORTING EFFORT 
_ ^^bcock-Genspring Support 

Ordinary support 


M A Y W E 
SEN D YO U 
CATALOGUES? 


Actual Weight of Pipe 


1936—Jan. 15, 1937 
A Electrical Pavilion 


BABCOCK-GENSPRING i 
CONSTANT SUPPORT / 

1 

ORDINARY 
[ SPRING SUPPORT 1 

—V ... 7.-^— 

\ ( 
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We have a wide range of network boxes 
to meet all conditions of service. 


The box illustrated is one of our standard 
disconnecting network boxes, and was 
introduced by us over 3 years ago for use 
in narrow footways or other situations 
where space is restricted. 

These boxes are available for 3, 4 or 5-core 
cables up to *3 square inch section in ordinary 
and combined man-hole types. 


They can be fitted with 
links, or High-Rupturing 
Capacity Fuses. 



BRITISH INSULATED CABLES LTD 

Cable Makers and Electrical Engineers 

PRESCOT, Lancs. 

Telephone No. PRESCOT 6S71 

London Office; SURREY HOUSE, EMBANKMENT, W.C.2. ’Phone No. Temple Bar 4793, 4. 5 & 6 
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ADVANCED [LABORATORY 
PRACTICE IN ELECTRICITY 
AND MAGNETISM 

By EARLE MELVIN TERRY 

Late Professor of Physics, University of Wisconsin 

Revised by HUGO BERNARD WAHLIN 

Professor of Physics, University of Wisconsin 

318 pages, 9" x 16", illustrated. Third Edition. 

18/- net, 1936 

A laboratory textbook on electrical measurements, clischar<^e of 
through gases, radio activity and thermionics. In this 
experiments have been revised, and new ones added and 
the chapter on electron tubes has been partially rewritten to' "ive 

ELECTRIC WIRING 

A Textbook of Applied Electricity 

By ALBERT A. SCHUHLER 

Ltectrteal Engineer, formerly Instructor in Applied 
Electricity, David Ra.nkin Jr. School of Mechanical 
-t rades St. Louts, Missouri, and Aviation Section 
Signal Corps, U.S.A . 

387 pages, 8"' x 305 illustrations. Third 
Edition. 15/- net, 1936 

A unit and job text on the principles and methods of electrical 

composed of a systematic course and is 
subdivided into jobs or exercises which by means of illustrations 
teach the student the essential principles and 
methods^. The book covers the fundamentals of electric wirina' 

particularly burglar alarm, 

PHENOMENA IN 
HIGH-FREQUENCY 
SYSTEMS 

By AUGUST HUND, Consulting Engineer 

International Series in Physics 

642 pages, 9" x 6", 359 illustrations. 36/- net 

1936 

survey of phenomena occurring in high frequency systems 
The principles and fundamental laws applying to high Sue^cv 

dFsemtion hnc bi'ought out together with a thorough 

mscussion based on experimental evidence and theoretical signi- 

ssk iesi:"iSiss5i“ “““■ *■ - 

ELECTRIC POWER 
METERING 

By ARCHER E. KNOWLTON 

Associate Editor, Electrical World’’ 

Formerly Associate Professor of Electrical Engineering 
Yale University and Electrical Engineer, Public 
Utilities Commission of Connecticut 

340 pages, 9" x 6^ 215 illustrations. 24/- net, 

1934 

A treatment of the basic principles of energy and nower meterinjr 
Practical methods for Kilowatt hour, r^ctive demand' 
metren5nt applications. The ier^nohgfof fhe 

measu^meSL^polVpha^^^^^^ non-concordant demand 
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LASTING 
SECURITY 
M&M LOCKS 
YOUR REAL 
ECONOMY 




Long life and a secure one. 
That is what M&M locks 
offer you—and that is 
your real economy. The 
adoption of “cheap*’ 
imitation locks Is bad 
speculation—it’s costly 
and fallacious to consider 
them economical. With 
the new M&M patent 
Four Lever lock—recog¬ 
nised as the safest in the 
market—you have a sound, 
lasting piece of mechanism 
... ready for long, trouble- 
free service. 


Note.— The lever type lock 
is recognised as the safest 
type made, and used on the 
majority of safes. An M 8c M 
Lock with Skeleton Cap 
showing interior construe-^ 
tion will be sent on request. 


Beware of imitations—they 
may be flattering to us but 
they may prove costly to 
you. Look for patent num¬ 
ber stamped as on the above 
illustration. 



McGraw-Hill Publishing Co. Ltd. 

Aidwych House London, W.C.2 










Trade Moulders to the 
Electric al Industry... 

O UR long and extensive trade connection 
rK F’l 
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Telephone 

NEW CROSS 
1913 

(5 Lines) 


with the Electrical Industry has built a 
big proportion of our business. We are still 
serving many customers with whom we com¬ 
menced business in 1899. Knowledge of the 
requirements of the industry places us in the 
position of being able to advise on the right 
grade of mouldings for particular purposes. 

MOULDINGS in BAKELJTE, 
BEETLE, RESIN and other 

SYNTHETICS. 

MOULDINGS IN EBONESTOS 
COMPOSITION having Heat, Acid, 
Oil, Alkali and Water -resisting 
qualities. 

We can quote very special prices with low 
tool charges for mouldings up to 4 ins. 
diameter in lots of 500 or over, and we can 
quote mass production prices for large 
quantities. 

EBON ESTOS 

IKICIII ATl^DC I TD 
IIN3lJLAI\JK5 L 

EXCEl ‘ilOR WORK^ 

mm Jrmt. mi Ihw Mr m I m w « Im B m ^9 

ROLLINS ST. S.E.I5 
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NCS Electrical Measuring 
Instruments include switch¬ 
board, portable and record¬ 
ing meters, synchronisers, 
circuit breakers, protective 
relays, etc. Full details on 
request. 




HYPER-SCALE 

INSTRUMENTS 

for SWITCHBOARDS 

NCS Improved Dynamometer 
I nstruments—Am meters. Volt¬ 
meters and Wattmeters — 
Moving Coil or Moving Iron 
patterns made with 4", 5", 6" 
or 8" Dials and Scales. Special 
improvements give strength, 
rigidity and permanent ac¬ 
curacy. 


NALDER BROS.^rTHOMPSON Lie 
Dalston La ne Works, London.E.S 


Telegrams: Occlude, Hack, London. 


Telephone.: Cilssbid 2365 (3 lines) 
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CRYPTON EQUIPMENT LTD. HAVE PLEASURE IN INTRODUCING 


CRYPTON OXIDE CATHODE 


All engineers should make themselves familiar with the opportunities offered 
for more economical and dependable conversion of A.C. to D.C, by becoming 
acquainted with the new range of Crypton Oxide Cathode Rectifiers. For battery 
charging, changeover work, for the supply of lifts, hoists, cranes, variable speed 
D.C. motors, they represent the most inexpensive and most efficient method 
available. 


Crypton Equipment Ltd, have acquired all interests in the rectifier business of 
Newtons of Taunton Ltd., and Lancashire Dynamo & Crypto Ltd. Newton and 
Crypto Rectifiers have now been co-ordinated in an entirely new range of rectifiers 
available in capacities from 1 *3 to 180 amps. 


New features of design and con¬ 
struction are introduced for the 

first time, comprising;— 

1 Truck type air-cooled or oil-cooled 
transformers. 

2 Elimination of all slate or insulated 
panels. 

3 Exclusive bus-bar and porcelain 
insulator valve supports. 

4 All-steel crystalline domed cubicle 
construction. 

5 Hinged doors giving immediate 
accessibility. 


In addition to these exclusive features of 
modern design and construction the 
following affords conclusive proof of 
the superiority of Crypton Rectifiers for 
converting A.C. to D.C. 

1 Lower in first cost than any other 
method of static rectification. 

2 Higher in efficiency. 

3 No moving parts whatever. 

4 No auxiliary attachments for 
ignition. 

5 Small space and light weight. 

6 Long life proved by two years’ valve 
guarantee. 


EQUIPMENT 

NORTH ACTON RD., LONDON, N.W.IO 
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Zemtii Resistences of proved durability are in constant use 
and are giving every satisfaction in all parts of the world. 

CATALOGUE ON REQUEST 

Pfompt Deliveries-Unequalled Service 

THE ZENITH ELECTRIC CO. LTD. 

Sole M^ers of the well-known * Zenith" Electrical Products. 

LontracioTS to the Admiralty, War O^ce, Air Ministry, G.P.O., L.C.C., (Sc. 

Zenith Worksj'JVilliers Road, Willesden Green, London, N,W.2 



WITH 

K.V.A. DEMAND INDICATOR 

SIMPLICIT'll^always a feature of C. & H. design is strongly 
evident in this combination Meter. One set of terminals 
and connections ensures correct installation. The testing 
and adjustment of the meter is simplicity itself. 
Manufacturers: 

CHAMBERLAIN & HOOKHAM, Ltd. 

SOLAR WORKS, NEW BARTHOLOMEW STREET 

BIRMINGHAM 

London Office: Magnet House, Kingsway, W.C,2 








, '"’iM. 1 ft ■' ft >. <’ i 
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^WHEN considering the installa- 
tion of Fans for any purpose 
there is no longer any need to take 
chances by accepting efficiencyfigures 
based on type tests. For practically all 
sizes of fans we are in a position to 
carry out full capacity tests, in our 
works, before despatch, on the actual 
fans you propose to install-and 
we are always prepared to guar¬ 
antee fan performance up to 80% 
efficiency, according to style of fan, 
under reasonable penalties. 

We invite your enquiries 


The illustration shou-s part of the f 

Works. ^ _ , 

(tKEITH & BLACKMAM 

Ph.n., c.„, 7o„ (, "■ 
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COPPER 


telegrams. 

'’ANACONDA 

MANCHESTER' 


FREDERICK SMITH & COMPANY 

(INCORPORATED IN THE .LONDON ELECTRIC WIRE COMPANY AND SMITHS, L»M»T^J 

““ ■ SALFORD. 3, LANCS 


TELEPHONE . 
BLACKFRIARS 


ANACONDA WORKS 


8701 (8 lines 


Our Technical DepUwill 
be pleased to give advice^ 
and full particulars oj 
your requirements^ 


(REGD.) 


36 RANGES WITH ONE INSTRUHENT. 
D.C. RANGES 


The world^s master 

TESTING INSTRUMENT 

THE 36 RANGE 
UNIVERSAL 


AVOMETER 


All A.C and D.C Testing-Current, Voltage, Resistance 

with unparalleled Precision! Simplicity! Easel 


Wherever there is electrical equipment, 
there also is the need for dependably 
accurate and efficient testing meters. 
In a single combination measuring 
instrument, the Universal Avometer 
provides unequalled testing facilities. 
It gives all of the 36 ranges of A.C. and 


D.C. readings shown in the tables, all 
readings being obtained without external 
shunts, multipliers or transformers. No 
matter what the future developments 
may be in apparatus used, the 36-range 
Avometer will remain the world’s most 
widely used testing instrument. 


WRITE FOR FULLY DESCRIPTIVE FOLDER TO;- 

THE AUTOMATIC COIL WINDER & 
ELECTRICAL EQUIPMENT CO., LTD. 

Winder House, Douglas Street, London, S.W.I Telephone: Victoria 3404/7 


•‘RADIO SERVICING SIMPLIFIED” (Revised and Enlarged). 

This practical manual gives a complete survey of radio testing ^ ^ 
in non-technical language. The testing of all .modern valves 
and every phase of fault-finding are fully explained in systematic jj 
sequence. Numerous diagrams and graphs. ^ or post 

A book that meets a long-felt need, free ll9 


Current 

Voltage 

Resistance 

0—12 amps. 

0—1,200 volts 

0—1 megohm 

0 6 ,, 

0— 600 ,, 

0—100,000 ohms 

0— 1*2 „ 

0— 120 ,, 

0— 10,000 „ 

0—600 m.a. 

0— 60 ,, 

0—* 1,000 ,, 

0—120 ,, 

0— 12 ,, 


0— 60 ,, 

0— 6 ,, 


0— 12 „ 

0— 1*2 ,, 


0— 6 ,, 

0—600 m ilUvolts 

0—120 ff 

0— 60 ,, 

A.C, RANGES 


Current 

I Voltage 

0~“12 amps. 

0—1,200 volts 

0— 120 volts 

6 ,» 

0— 600 „ 

0— 60 ,, 

0— 1*2 

0— 480 „ 

12 ,, 

0— 0*6 1, 

0—120 m.a. 

0— 60 1, 

0— 240 

0— 6 



BRITISH 

MADE 

12 GNS. 

Also the 22-ronge 
D.C. Avometer, 

8 GNS. 

The New 46- 
range Model 7 
Universal Avo¬ 
meter, 

15 GNS. 


Deferred terms if desired 
















S iemens Neophone Private Telephone Systems provide the 
most efficient and reliable means of intercommunication for offices, 
factories, hospitals, etc. 


4 4 


A distinguishing feature of all our systems is the Siemens 
Neophone itself ^the instrument which has set a new high 
standard of speech transmission and articulation and has been 
standardised by the British Post Office as well as by many important 

overseas Telephone Administrations. 


We have systems to meet practically all requirements—auto¬ 
matic, press button, central battery and magneto switchboards, and 
our staff of expert engineers will be pleased to advise you, and sub¬ 
mit estimates free, on receipt of particulars. 


SIEMENS BROTHERS & CO., LIMITED 

WOOLWICH, LONDON, S.E.I8 

Telephone: Woolwich 1161 














LOCAL CENTRES AND 

NORTH-WESTERN CENTRE. 

kairmmi. —E. C. McKinnon, 

Hon. Secretary.—L. H. A. Carr. M.Sc.Tech., ” Oakleigh,” 
Cambridge Road, Hale, Altrincham, Cheshire. 


SCOTTISH CENTRE. 

Chairman.—J. B. Mayor. 

Hon. Secretary.—}. Taylor, 15i, West George Street, Glas- 

gow, C.2. 

Hon. Assist. SecreMrieB.—U.. V. EIenniker, 172, CraiMeith 
Road, Edinburgh. ^ 

Iv. 1>. Mitchell, 5d, Lauderdale Gardens, Hyndland, 
Gla.sgow, W .2. 

Dundee Sub-Centre. 

Chairman .— J. F. Buglass. 

//on. Secfetdry . . -P. Philip, c/o Electricity Supply Dept., 

Dudliope Crescent l^i^oaa, Dundee. 


SU B“CENTRES—-(Con/mue J), 

SOUTH MIDLAND CENTRE. 

Chairman.— H. Clough, C.B.E. 

Hon. Secretary. — H. Hooper, 65, New Street, Birmingham. 
Hon. Assist. Secretary .— R. H. Rawll, “ Cionsilla,’* 35, 
Park Plill Road, Harborne, Birmingham, 17. 

East Midland Sub-Centre. 

Chairman. —F. li. Pooles. 

Hon. Secretary. — J. F. Driver, 65, Middleton Place, Lough¬ 
borough. 

WESTERN CENTRE.' 

Chairman. —H. M. Roberts. 

Hon. Secretary. —H. R. Beasant, 77, Old Market Street, 
Bristol, 2. 

West Wales (Swansea) Sub-Centre. 

Chairman .— C. G. Richards. 

Hon. Secretary .— R. Richards, 78, Glanbryclan Avenue, 
Swansea, 


Chairman. —S. Harcombe, M.A., B.Sc. 


Hampshire Sub-Centre (directly under the Council) 


Hon. Secretary. — A. G. Hiscock, 

25, Burbidge Grove, Southsea, Hants. 

Northern Ireland Sub-Centre (directly under the Council). 


Chairman.—T . T. Partridge. 


Hon. Secretary .—'Shi. J. McC. Girvan, 

Ardkeen, McCaughan Park, Lower Castlereagh, Belfast. 


INFORMAL MEETINGS. 

CJmirman of Committee. —M. Whitgift. 

METER AND INSTETJMENT SECTION. 

Chairman. —O. Howarth. 


TRANSMISSION SECTION. 

Chairman, —W. Fennell. 

WIRELESS SECTION. 

Chairman. —R. A. Watson Wait, B.Sc.lEng.i. 


LOCAL COMMITTEES ABROAD. 


AUSTRALIA. 

New South Wales. 

Chairman.—Y. L. Molloy. 

Hon. Secretary. —W. J. McCallion, M.C., 15, Castlereagh 
Street, Sydney. 

Queensland. 

Chairman and Hon. Secretary .— J. S. Just, c/o P.O. Box 
1067N, G.P.O., Brisbane. 

South Australia. 

Chairmam and Hon. Secretary. — F. W. H. Wheadon, Kelvin 
Fhiilding,.North Terrace, Adelaide. 

Victoria and Tasmania. 

Chairman and Hon. Secretary. —H. R. Harper, 22-32, 
William Street, Melbourne, 

Western Australia. 

Chairman.- —J. R. W. Gardam, 

Hon. Secretary .— A. K. Lambert, B.E., 35, The Esplanade, 
South Perth. 

CEYLON. 

Chairman .— Major C. H. Brazel, M.C. 

Hon, Secretary. —Cir. L. Kirk, Stanley Power Station, 

Kolonnawa, Colombo. 


INDIA. 

Bombay. 

Chairman. —S. E. Povey. 

Hon. Secretary. —A. L. Guilford, B.Sc.Tech., Electric House, 
Post Fort, Bombay. 

Calcutta. 

Chairman. —F. T, Homan. 

Hon. Secretary .— D. H. P. Henderson, c/o Calcutta Electric 
Supply Corporation, Post Box 304, Calcutta. 

Lahore. 

Chairman.—"P rot. T. H. Matthevtman. 

Hon. Secretary .— J. C. Brown, c/o Associated Electrical 
Industries (India) Ltd., P.O. Box 146, Lahore. 

Madras. 

Chairman and Hon. Secretary.—E. J. B. Greenwood, P.W.D. 
Offices, Chepauk, Madras. 

NEW ZEALAND. 

Chairman.—¥. T. M. Kissel, B.Sc. 

Hon. Secretary .— J. McDermott, P.O. Box 749, Welling¬ 
ton, C.l. 

SOUTH AFRICA. 

Transvaal. 

Chairman and Hon. Secretary .— W. Elsdon Dew, Box 4563. 
Johannesburg. 


LOCAL HONORARY SECRETARIES ABROAD. 

ARGENTINE: R. G. Parrott, Avenida Pte. Roque Saenz 

Pena 636, Buenos Aires. ^ -o . 

CANADA: F. A. Gaby, D.Sc., Vice-Pre.sident Ihe Bntish 
American Oil Co., Ltd., 14th Floor, Royal Bank 
Buiiaing, Toronto, Ontario. 

CAPE, NATAL AND RHODESIA: G.H.Swingler City Elec- 
tric^ Engineer, Corporation Electricity Dept., Cape Town. 

FRANCE; P. M. J. Ailleret, 36, Avenue Kleber, Pans 

HOuk^AND: A. E. R. Collette, Fleemskerckstraat, 30, 

The Plague. ' 

INWIA: C. C. T. Eastgate, c/o Octavius Steel & Co., 14, 

/ Old Court House, Calcutta. 

ITALY; L. Emanueli, Via Fabio Filzi, 21, Milan. 
iirA IP AN; I* Nakahara, No. 40, Ichigaya Tanimachi, 

UsMgomeku, Tokio. 


NEW SOUTH WALES: V. J. F. Brain, B.E., Chief Electrical 
Engineer, Department of Public Works, Bridge Street, 
Sydney. 

NEW ZEALAND; J. McDermott, P.O. Box 749, Welling¬ 
ton, C.l. 

QUEENSLAND: J. S. Just, c/o P.O. Box 1067 n, G.P.O., 
Brisbane. 

SOUTH AUSTRALIA: F. W. H. Wheadon, Kehnn Building, 

North Terrace, Adelaide. 

TRANSVAAL: W. Elsdon Dew, Box 4563, Johannesburg. 
UNITED STATES OF AMERICA: Gang Dunn, c/o' The 
J. G. White Engineering Corporation, 80, Broad Street, 
New York, N.Y. 

VICTORIA AND TASMANIA: H. R. Harper, 22-32, William 
Street, Melbourne. 

WESTERN AUSTRALIA.: Prof. P. H. Fraenkel, B.E., 
The, Umversity of W^estem, Australia, Crawley. 


/TTTV 





Chairman. —N. R. RicEo 


MERSEY AMD NORTH WALES (LIVERPOOL). 
Chairman. —W. E. Finlason. 


Hon Secreiary.—N. C. Kolfe, 9, Summerville Gardens, Hon. Secretary.—]. F. Darwin, 3, Westmorland Road, 
Cheam, Surrey. Southport. 


Cheam, Surre\'. Southport. 

NORTH-WESTERN. gOUTI 

Chairman.- —J. G. Aemitage. _ 

Hon. Secretary.-^ H. Thomas, G, Springfield Road, ^oCseCit^Jv—l^K^ 

Altrincham, Cheshire. tion.oecrei^y. ± . jx. i 

Court Drive, Lichn( 

SCOTTISH, 

Chairman. —W. J. Cozens. ^ 

Hon. Secretary. —G. H. Wire, 46, South Brae Drive, Chairman. J. E. Hall 
J ordanhill, Glasgow. Hon. Secretary .— W. C 

^Horsforth, Leeds. 
NORTH-EASTERN, 

Chairman .'— P. Richardson. 


SOUTH MIDLAND. 

Chairman .— J. D. Evershed. 

Hon. Secretary .—D. R. Parsons, " Cartref,” Shenstone 
Court Drive, Lichfield, Staffs. 

NORTH MIDLAND. 

Chairman .— J. E. Hall. 

Hon. Secretary. —W. Chambers, 8 , Airedale Drive, 
Horsforth, Leeds. 

SHEFFIELD. 


Hon. Secretary. —H. B. Topham, c/o Messrs. C. A. Par- Chairman. —K, Hopkinson. 

sous and Co., Ltd., Heaton Works, Newcastle-on- Hon. Secretary. —G. N. Everitt, 57, Rustlings Road, 


Tyne, 6. 


Sheffield, 11. 


BRISTOL. 

Chairman. —P. H. Yeo. Hon. Secretary. —W. H. Small, “ St. Brendan,’' Rookery Road, Knowle, Bristol, 4. 


THE I.E.E. BENEVOLENT FUND 

There are many members and former members of the 
Institution who are finding life difficult. Please help 
them by sending an annual subscription or a donation 
to the I.E.E. Benevolent F un d. 

The object of the Fund is: “ To afford assistance to 
necessitous members and former members (of any class) 
of the Institution of Electrical Engineers who have paid 
their subscription for at least five years consecutively or 
compounded therefor, and to the dependants of such 
members or former members.” 

Subscriptions and Donations should be addressed to 

THE HONORARY SECRETARY, THE BENEVOLENT FUND, 
THE INSTITUTION OF ELECTRICAL ENGINEERS, 

SAVOY PLACE, W.C.2. 


LOCAL HON. TREASURERS OF THE FUND. 

Irish Centre: T. J. Monaghan. North-Eastern Centre: N. Cresswell. North Midland Centre: 

. SheffieldSuh-Centre:yfl. North-Western Centre: T.E. Herbert. Mersey 

and North Wales (Liverpool) Centre: L. Breach. Scottish Centre: {Glasgow) A. Lindsay; {Edinburgh) 
D.S.Munro. DundeeSub-Centre:^.V¥iTLiv. South Midland Centre :Sff.Y.AnT>ERSO)>i. WesternCentre: 
{Bristol) E. P. Knill; {Cardiff) J. W. Elliott. Hampshire Sub-Centre: W. P. CoNLY, M.Sc. 
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